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ABSTRACT 
 
 Stochastic perturbations in supply and demand during power system operations have always 
been a concern for power system operators and/or planners. These concerns have been aggravated 
in the past decade with large-scale integration of renewable energy sources (RES) such as wind 
and photovoltaics. The impacts of load fluctuations and/or random outages of major system 
components during the operation, such as loss of generating unit(s) and transmission line(s) are 
further aggravated due to increasing addition of intermittent RES in the system. Energy storage 
systems (ESS) can act as a buffer to maintain the supply-demand balance, and are therefore, 
gaining considerable attention in modern power system planning. It is important to have the ability 
to make quantitative assessment of associated risks in the system operation and to explore the 
potential of suitable resources such as ESS in mitigating these risks. 
A reliability model of flywheel energy storage system (FESS) suitable for power system 
operational risk evaluation was developed in the research work presented in this thesis. 
Appropriate reliability assessment frameworks for different hierarchical levels of power system 
reliability evaluation were also introduced. The proposed frameworks and models were applied to 
the IEEE reliability test system and a modified Roy Billinton test system through several case 
studies. 
This thesis presents a novel approach to quantify the impact of growing wind penetration on 
power system operational reliability and quantify the implications of implementing flywheel 
energy storage systems in mitigating these concerns. The work presented in this thesis provides 
methodology and indicators that will be valuable in developing operating policies for sustainable 
wind energy for the future. 
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 INTRODUCTION 
1.1.  Power System Reliability 
The ability of a power system to provide the electric supply to their customers with 
satisfactory quality and continuity is perceived as its reliability in a general sense. Typically, a 
power system consists of generation, transmission and distribution facilities in order to generate 
and deliver the required electric energy to customers connected at the load points. As reliable 
power supply is an important prerequisite of a modern economy, electric power utilities have 
invested heavily in key power system sectors to meet their customer demands economically, while 
maintaining an acceptable level of reliability. Owing to the random failure of different components 
within the system, no power system can be made perfectly reliable.  A high assurance of the 
continuity of electric power supply calls for proper reliability centered design, planning, operation 
and maintenance, which ultimately results in increased investment. An increase in system 
reliability is generally achieved through increased investment. However, at some point the 
additional investment in infrastructures does not yield a justifiable improvement in reliability. 
Therefore, power system reliability assessment is important and useful in arriving at an optimal 
investment decision for acceptable level of reliability. 
The term ‘reliability’ in the context of power system is very broad and covers a host of sub-
categories. The overarching concept of power system reliability can be sub-divided into two 
fundamental areas [1] as shown in Figure 1.1.
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Figure 1. 1. Sub-division of power system reliability. 
1.1.1. Power System Adequacy and Security 
Power system adequacy deals with sufficiency of generation, transmission and distribution 
facilities to make electrical energy available at the customer load points. Adequacy assessment 
does not account for different kinds of perturbations within the system but is rather limited to static 
conditions of the system primarily considered during the system planning phase. System security, 
on the other hand, is concerned mostly with the dynamic behavior of the system. Specifically, 
security assessment deals with the ability of existing resources to respond to disturbances within 
definite time-frame. The disturbances could be both local and wide-spread and include loss of 
generation and transmission facilities. It is the role of a system operator to maintain the security of 
the system by making an informed decision based on appropriate security assessment.  
It is thus clear that adequacy and security encompasses two different aspects of power system 
reliability evaluation. The loss of load expectation (LOLE) and the loss of energy expectation 
(LOEE) are commonly preferred measure of reliability in the system adequacy domain [2, 3], 
while operating risk assessment, usually via unit commitment risk (UCR) and response risk (RR) 
analysis, falls under system security assessment which also directs the scope of this thesis. 
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1.1.2. Functional Zones and Hierarchical Levels 
Three basic functional zones, namely generation, transmission and distribution system 
constitute a physical framework for power system reliability evaluation. The combination these 
functional zones forms the three hierarchical levels in the reliability evaluation, as shown in Figure 
1.2. However, it should be noted that the reliability assessment can be performed within each of 
the individual functional zones. Hierarchical level I (HL I) refers to the reliability assessment 
considering only the generation facility. Under HL I evaluation, transmission and distribution 
facilities are not considered. Hierarchical level II (HL II) evaluation, on the other hand, accounts 
for the transmission and generation systems. The transmission line constraints and location of the 
generation resources and the load points are additional complexities inherent in HL II evaluation. 
Hierarchical level III (HL III) brings all the functional zones into the evaluation framework. As 
the size of a physical system ascends from HL I to HL III, so does the complexity in the reliability 
evaluation. Being the most basic form of reliability evaluation, a considerable amount of work has 
been done in the past on HL I study compared to the other two hierarchical levels. The research 
work presented in this thesis was carried out both at the HL I and HL II levels. The progression of 
the study from one hierarchical level to the other is further explained towards the end of this 
chapter in Section 1.6.  
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Figure 1. 2. Functional zones and hierarchical levels in reliability evaluation. 
1.2. Power System Operation and Operational Reliability 
The stochastic nature of perturbations within the system as a result of random failure of the 
system components and/or load and generation fluctuations have always been posing challenges 
to system operators in maintaining continuous supply of electric power to the customers. Based on 
short-term forecasts of the load, a certain number of units are committed to meet the forecast load 
in the given time. To compensate for any unforeseen disturbance that may arise during system 
operation, the units are committed in such a way that the total capacity exceeds the forecast demand 
by a reserve margin. A committed unit that is dispatched to take a load less than its rated capacity 
carries a as spinning reserve [4] which is ready to take up the load if needed. . There are various 
means of enhancing the spinning reserve with other types of reserves, such as rapid start units, hot 
reserves, assistance from interconnected systems, voltage/ frequency reduction etc. [1].  The 
spinning reserve and the additional means of its enhancement are collectively known as operating 
reserve. 
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At the event of a contingency resulting in a power deficit, the system inertia tries to 
compensate for the generation drop by slowing down the rotational speed of synchronous machines 
[5]. In such situations the operating reserve needs to respond immediately following the 
contingency to restore the nominal frequency within a very small time-frame in order to prevent 
further catastrophic consequences. The fraction of operating reserve which is available within a 
short margin - time is commonly known as the regulating margin [6]. 
It is apparent that two major aspects of reliable power system operation are unit commitment 
decision and operating reserve allocation.  The common practice in utilities is to use deterministic 
approach in unit commitment which considers largest unit as the operating reserve. However, this 
approach can sometimes lead to over-scheduling of the generation units which is ultimately a cost 
burden and sometimes lead to under-scheduling of the generation units that results in operating 
cost reduction at the expense of poor reliability. This inconsistency in risk evaluation can be 
overcome to a great extent by applying probabilistic techniques. A large volume of literatures [7-
13] can be found in the area of probabilistic risk assessment. The most commonly used risk indices 
in probabilistic operational risk assessment are UCR and RR [4]. UCR is concerned with the 
decision of the appropriate number of units to be committed in any given time such that risk of 
failing to meet the load is within acceptable range, while RR is associated with allocating 
appropriate reserve margin in the committed units in order to compensate for any unforeseen 
disturbances that may arise during system operation. The scope of this thesis is limited to the RR 
domain. 
1.3. Role of Energy Storage Systems in Power System Operation with Large-scale Wind 
Integration 
1.3.1. Impacts of Increased Wind Penetration in Power System Operation 
Conventional fossil fuel fired thermal generation systems are known to be significant 
contributor of greenhouse emission. In addition to the safety concern associated with nuclear 
energy, the depletion of limited stock of fossil fuel has been pressurizing the nations around the 
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globe to resort toward the renewable energy sources (RES). To this end, many countries have 
agreed to renewable portfolio standard (RPS). RPS is the commitment to meet the definite share 
of national generation mix by RES within a certain time frame. In past decade wind energy has 
emerged as a promising dominant renewable source. Wind power already supplies a large share of 
the electricity in Denmark, Germany, and Spain and is continually growing. The advent of efficient 
technologies associated with wind power and reduction in their price together with government 
incentives and the high cost of fossil fuels have collectively caused the wind energy to have a 
promising future in the global energy market [14]. More than 54000 MW of wind power was 
installed across the global market in 2016 alone. As of December 2016, the installed wind capacity 
in Canada was 12239 MW which accounts for around 6% of Canada’s electricity demand [15]. 
The present situation of the generation mix can still be considered as safe from reliable system 
operation point of view. However, the global trend of wind power growth, such as shown in Figure 
1.3, is raising concerns among power system operators regarding the reliability of system 
operation. 
 
Figure 1. 3. Cumulative market forecast for wind power by region, 2017 – 2021 [16] 
 
Intermittency and uncertainty associated with the wind power has increased challenges in 
maintaining the system reliability in wind-integrated power systems. The output of conventional 
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generation sources can be controlled to meet the load in specified time. Wind power generation, 
on the other hand, cannot be controlled and dispatched in conventional sense due to site-specific 
stochastic nature of wind speed. System operators dispatch the committed units to meet the load 
at any specified time and, while doing so, a small fraction of operating reserve is left in the 
dispatched units. With the increment in operating wind penetration, the share of firm generation is 
reduced and the system gradually loses the inertial response. The reduced inertial response and 
increased variability and uncertainty in the system operation due to the addition of intermittent 
energy sources put the system operation in significant operating risk. This entails that additional 
operating reserve is necessary to compensate for the increased variability and uncertainty in the 
system operation.  
1.3.2. Energy Storage System in Wind-Integrated Power System 
It has been established in the previous section that the integration of intermittent energy 
sources such as wind power introduces challenges to the system operator to maintain the 
acceptable reliability in system operation and calls for additional provision to enhance the 
effective-operating reserve in the system to cope with the increased uncertainty. Energy storage 
system (ESS) can mitigate the generation variability and moderate the transmission congestion 
thereby improving the operating reliability and enabling the further penetration of RES [17, 18]. 
It is therefore there is growing research interest in the application of ESS in wind-integrated power 
system [19-23]. ESS serves as a buffer maintaining balance between electric power and demand. 
In addition to adding flexibility to the power system thereby increasing grid’s capability to allow 
larger penetration of intermittent energy sources, ESS also enhances the grid’s resiliency to power 
outages resulting from severe weather events and attacks on the cyber-physical systems [24-27]. 
A host of ESS technologies are emerging in present time and their suitability within the 
power system application varies greatly depending upon their inherent characteristics such as 
energy density, power density, useful life, efficiency, depth of discharge, etc. Batteries, fuel cells, 
compressed air energy storage and flywheels are some commonly used ESS in power system 
applications. The literature [28] gives an oversight of different energy storage technologies, their 
evolution over time and future prospect. The characteristics of different ESS and their suitability 
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in various aspects within power system is discussed in [29]. Tables 1.1 and 1.2 shows the 
characteristics and prospective applications of several ESS power system.  
 
Table 1. 1. Characteristics of different energy storage technologies [29]. 
S.N. Energy Storage Technology 
Discharge 
Duration (hours) 
Response 
Time 
1 Pumped Hydro 8 to 10 minutes 
2 Compressed Air 8 to 10 minutes 
3 Flywheel 0.03 to 1 milliseconds 
4 Advanced Lead Acid Battery 2 to 5 milliseconds 
5 Lithium Ion Battery 1 to 4 milliseconds 
 
Table 1. 2. Power system application of different energy storage technologies [29], [30] 
Application ESS Options 
Regulation Flywheels 
Renewable Energy Smoothing Lithium Ion Battery 
  NaS Battery 
Renewable Capacity Firming Pumped Hydro 
Load Following Compressed Air 
Energy Time Shifts NaS Battery 
Renewable Energy Time Shifts  Lithium Ion Battery 
 
Long-term storage technologies such as pumped hydro and compressed air can support for 
several hours to days with below-average renewable generation [31] and thus are suitable for 
renewable capacity firming, load levelling and energy time shift. On the other hand, there might 
be situations where large amount of power is needed immediately but for short durations. The 
NERC standards, for instance, require that an immediate response should be available through 
automatic generation control (AGC) to maintain frequency and tie line regulation and the 
contingency reserve should be able to restore the system to its pre-disturbance state within 15 
 9 
minutes [32]. To ensure such a prompt assistance in case of unforeseeable events during operation 
such as restoring power balance in the event of major contingencies to maintain the system 
security, an ESS with fast response capability such as flywheel energy storage systems (FESS), 
batteries and ultra-capacitors are needed. Although it is comparatively a less mature technology, 
FESS outranks other ESS in terms of lesser environmental impact, longer lifespan, and high depth 
of discharge and low maintenance requirements. Despite several technological difficulties in the 
past, the recent improvement in power electronics, bearing system and rotor materials needed for 
high speed flywheels has opened new possibilities for FESS to be used for improving power 
system operating risk. Reliability modelling of FESS and investigation of its potential in terms of 
its operational reliability benefits in power system operation with a large-scale wind integration 
forms the major focus of this thesis. 
1.4. Flywheel Energy Storage System 
A flywheel is a mechanical device which stores energy in rotational form. The rotational 
speed dictates the amount of energy stored, which is known as state of charge (SOC). Although 
the technology itself in the field of power system is not mature, flywheel as a means of mechanical 
energy storage systems has existed for thousands of years [31]. The potter’s wheel, for instance, 
is one of the earliest applications of flywheel [32].  
In the context of power system applications, the flywheel energy storage system (FESS) 
consists of a group of flywheels with other essential power electronic components. FESS stores 
the energy in the form of kinetic energy of a rotating disc which can be extracted as needed through 
the combination of electrical generator and power converter, and vice versa. While the 
fundamental idea of using a FESS for grid application is not new, the technology did not see much 
improvements for quite some time. However, with recent development of solid-state power 
electronics, magnetic bearings and construction materials, the FESS has shown a potential for grid-
scale application. New market policies and tariffs that allow new technologies to compete in the 
market, have been issued or are in the process of being issued [33] and have further secured the 
economic viability of expensive emerging technology such as FESS. There are many grid-scale 
FESS plants currently in operation in many parts of North America, such as the 3 MW plant at 
Tyngsboro, Massachusetts and the 20 MW facility at Stephentown, New York. A response time 
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of fraction of seconds, a life span of 20 years with no degradation, 100% depth of discharge (DOD), 
hundreds of thousands of full DOD cycles, exceptionally high permissible rotating speed, scalable 
design to meet almost any power requirements are the advantageous features of the commercially 
available grid-scale flywheels [34].   
The major components of a flywheel energy storage unit (FESU) are the cooling system, 
bearing system, motor / generator, rotor drum, vacuum enclosures, and power electronics unit As 
depicted in Figure 1.4 and Figure 1.5 [34]. The rotor drum is the essential component of the FESU 
whose rotational speed determines the amount of energy stored in the unit, also known as state of 
charge (SOC), as expressed in (1.1). The energy density, 𝛿 [35] of a FESU can be expressed as in 
(1.2). From (1.2) it is clear that the maximum energy that can be stored is driven by the permissible 
speed of rotation and the ratio of moment of inertia to mass, (I/m) which depends on material 
properties of rotor. The material properties of the rotor is again one of the key factors to determine 
the permissible speed of the rotor since the chances of rotor failure becomes significantly higher 
at higher speed [35]. It thus becomes important to analyze the implication of the increased of 
failure rate in the reliability of the FESU, as will be done in subsequent chapter.   
𝑆𝑂𝐶 =  
1
2
 𝐼𝜔2  (1.1) 
𝛿 =  
1
2
 
𝐼
𝑚
𝜔2  (1.2) 
Where, 
 ‘I’ is mass moment of inertia in kg-m2, ω the rotational speed in rad/s and ‘m’ is mass in kg. 
 A generator is coupled with a rotor drum for energy conversion from rotational form to 
electrical form and vice versa. The machine is operated in both the motor and generator mode 
depending upon the need. A permanent magnet synchronous machine (PMSM) is commonly 
preferred in a FESS for its efficiency, while variable reluctance machines and asynchronous 
machines are also used as generator / motor in FESS [36]. The rotor is supported by magnetic 
bearings and is enclosed in a vacuum enclosure to provide a near-frictionless environment. A 
dedicated cooling system becomes very important to dissipate the heat developed during the 
operation, since the entire operation takes place inside the vacuum where heat dissipation becomes 
challenging. The power converter (usually a back-to-back converter) is used to make the power 
exchange between the grid (or the external system) and FESU. A power control module keeps 
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track of SOC and state of health of the associated FESU. It receives the operational signal and 
drives the power converter to make the power exchange [34]. 
 
Cooling System
Bearing System
Motor / Generator
Rotor Drum
AC/DC/AC
Converter
Power Control Module
(PCM)
        480 V
Vacuum Enclosure
 
Figure 1. 4. Block-diagram representation of a typical flywheel energy storage unit. 
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Figure 1. 5. A schematic of a commercial flywheel energy storage unit [34]. 
 
A typical FESS plant consists of a large fleet of FESUs arranged in multiple clusters as shown 
in Figures 1.6 and 1.7. The modular arrangement minimizes the plant’s footprint and increases the 
plant’s availability. It also adds scalability of the storage system in order to meet the required 
power and energy demand.  
 
Figure 1. 6. A schematic of a flywheel cluster in a typical FESS plant [34]. 
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Figure 1. 7. A schematic of a typical FESS plant [34]. 
 
1.5. Problem Statement and Research Objectives 
It is the responsibility of a power system operator to continuously balance the supply and 
demand of energy amidst the uncertainties in supply and demand variations that prevail randomly 
and continuously in time. Therefore, the important tasks in the power system operation are: (i) 
deciding the number of committed units based on the load forecasted for the time of interest and 
(ii) allocating sufficient operating reserve. For a given load, the system operators commit a fixed 
number generating units and determine an economic schedule of the committed units to meet the 
load. The scheduling of the committed units should ensure an acceptable level of reliability with 
regard to probable disturbances while maintaining the economics of operation. It thus becomes the 
responsibility of a system operator to find a proper trade-off between ‘operational reliability’ and 
‘economics’. 
The most commonly used approach to assess the amount of operating reserve during unit 
commitment is the N-1 approach. In this method, an operating reserve equal to largest generating 
unit is required to withstand the worst case disturbance scenario resulting from the forced outage 
of the largest committed generating unit. The deterministic way of unit commitment such as N-1 
approach, however, undermines the stochastic behaviors of the committed units, transmission line 
outages, as well as other power system variables such as random wind and load variations. The 
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approach, in some cases, results in over commitment of generating units which might make the 
system operation more reliable but at the expense of high operational cost. The same approach in 
some other cases, yields under-commitment of resources which apparently saves operational cost 
but severely jeopardize the operational reliability. A notable number of literatures on probabilistic 
approach of power system operating risk assessment can be found in [37], which address the issues 
raised earlier in the deterministic approach. Despite of the inconsistency in operating risk profile 
as offered by deterministic approach, the “N-1” criterion is still preferred by many utilities because 
of its simplicity of application. This criterion will face increasing problems as wind power 
penetrations increase in power systems. 
The scheduling of the committed units to meet system load determines the amount of 
available operating reserve. This is another important responsibility of the system operator, since 
the amount of operating reserve is mainly responsible for mitigating any disturbances during 
system operation. The economic load dispatch (ELD) is commonly used in practice to determine 
loading schedule of the committed units. The ELD tries to minimize the cost of operation. 
However, methodologies based on ELD do not incorporate the need to maintain a reasonable level 
of operating reliability. Several works have been done in the past to develop appropriate 
methodologies to assess the operating risk associated with the dispatch decision of the committed 
generating units having various capacities and ramping abilities. The probability of failing to 
provide sufficient generation response within a certain time following a major contingency 
disturbance during the system operation is known as the response risk (RR) [38]. Reference [4] 
proposed a method to evaluate the response risk associated with a dispatch decision. The method 
uses capacity outage probability table (COPT) constructed using the outage replacement rate 
(ORR) of the committed units which are carrying the spinning reserve. The methodology implicitly 
makes an assumption that only the units with spinning reserve are exposed to failure. And thus, 
only these units are used in evaluating the generation response needed within a specified time, also 
known as margin time (MT). Furthermore, when these units carrying the spinning reserve like any 
other committed units fail, they introduce new disturbance in the system in addition to the original 
disturbance to which the units are responding. Apparently, this additional disturbance further limits 
the ability of the available committed units to respond to the disturbance. These two limitations 
necessitate the development of a new evaluation framework for better appraisal of the response 
risk associated with the dispatch decision.  
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The uncertainty and intermittency of wind power has further added new challenges for 
system operator in maintaining the economic and reliable operation of power system with large 
scale wind integration. The stochastic nature of wind power adds the element of uncertainty in the 
power system which already has stochastic element such as random failure of generating unit, lines 
and load fluctuation. The random behavior of latter part can be at least compensated to some extent 
due to controllability offered by the conventional generation source. But the same cannot be 
expected in case of wind power, unless one has suitable means of storing energy for future usage. 
The ability of the operating system to respond toward a contingency such as sudden loss of a line 
or a generating unit is likely to be inhibited by the wind power fluctuations within the margin time 
following the contingency. It should, however, be noted that the availability of surplus wind power 
could add to the response capacity of the operating system. It is therefore the short-term wind 
power model incorporating the diurnal characteristics of wind speeds is essential in the power 
system operating risk analysis for more accurate assessment of the impacts of wind penetration in 
the system operation. The allocation of operating reserve becomes a more important consideration 
with large amount of wind power in the system operation. The larger the operating wind 
penetration, the bigger is the uncertainty in system operation and larger is the operating reserve 
needed to ensure the reliable operation. The past works on security domain of system reliability of 
wind-integrated power system, as mentioned earlier, mostly suggest modifying the economic 
dispatch based on response risk criterion and, if needed, adding more of the conventional units. 
With the operating wind penetration level that forms a significant portion of the load, the risk-
constrained dispatch might not be always a viable option. In particular, if the needed additional 
regulation reserve comes from a conventional energy source, the environmental incentive which 
is the major driving force for resorting to the renewable energy source (RES) will be compromised. 
As discussed in sections 1.3.2 and 1.4, energy storage system with fast ramping abilities such as 
flywheel energy storage system (FESS) thus have potential to be useful in maintaining the 
operating reliability of the modern power system. To this regard, the probabilistic framework for 
the quantitative risk assessment of the modern power system operation, incorporating probabilistic 
models of wind power and the energy storage system is very important.  
Reported works on FESS [39- 44] are mainly focused on comparative advantages, suitability 
in different applications and / or the design and loss analysis of FESS, and lack the direct-usability 
in the quantitative risk assessment of the power system operation. Developing a probabilistic 
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model of FESS suitable for the risk evaluation of the power system operation and to quantify the 
operational reliability benefits of FESS in wind-integrated power system operation are two of the 
major objectives of this research work. To quantify the impacts of increasing operating wind 
penetration in the operating reliability of the system, through appropriate short-term wind power 
models is an equally important objective of this research work. In contrast to traditional approaches 
of response risk analysis which are focused on ‘generation response’ on hierarchical level I, 
creating an analytical framework for operating risk assessment of composite power system is an 
important task of this research. 
Two general objectives of the present work are: 
 To quantify the impact of increasing operating wind penetration on reliability of the 
system operation. 
 To quantify the reliability benefits of FESS in power system operating reliability. 
The specific objectives of this research work include: 
 To develop a probabilistic model of FESS incorporating its charging/discharging and 
failure characteristics, suitable for application in quantitative risk assessment of 
power system operation. 
 To develop an improved analytical framework for operating risk assessment of the 
wind-integrated power system. 
 To develop short term time-dependent disturbance model incorporating the 
uncertainty in wind power, load variation and random forced outages of committed 
generating units. 
 To extend the fundamental concept of ‘response risk’ analysis used in hierarchical 
level I, in terms of ‘recovery risk’ analysis of individual bulk load delivery points to 
address the locational impact of operational disturbances. 
1.6. Organization of Thesis 
This thesis is written in manuscript style and contains five chapters altogether. Excluding 
Chapter 1 and Chapter 5, which are introductory and concluding chapters of this thesis, remaining 
three chapters are preceded by a preface to the corresponding chapter. The preface is aimed to 
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provide more general view of immediately following chapter and explain how does it tie up to the 
central theme of the thesis. 
Chapter 1 is introductory portion of thesis and provides an overview of power system 
reliability evaluation and its necessity in the context of growing global consumption of renewable 
energy.  The chapter builds up on the role of energy storage technologies from operating risk 
perspective of power system operation with large-scale wind integration. Furthermore, Chapter 1 
presents a brief introduction of flywheel energy storage system (FESS) and lays down the scope 
and the objectives of the research work presented in this thesis. 
Reliability modelling of flywheel energy storage system suitable for power system 
operational risk assessment is presented in Chapter 2. The impacts of failure rates of critical 
components of FESS and the length of operational mission times on state of charge (SOC) model 
are investigated in this chapter.  
Chapter 3 presents the novel framework for evaluation of power system operating risk and 
quantifies the impact of increasing operating wind penetration. Also, it quantifies the reliability 
benefits of using FESS in wind-integrated power system. The operating reliability evaluation 
presented in this chapter falls under hierarchical level I. 
Chapter 4 extends the fundamental idea of generation response risk to incorporate the 
transmission system network into operating risk evaluation. A methodology for operating risk 
analysis of bulk power system (BPS) is presented in this paper. The methodology is suitable for 
quantifying the reliability benefits of FESS from operating risk perspective of BPS operation. 
Chapter 5 summarizes the overall research work. The general conclusions from application 
of proposed methodologies through various studies carried out in different chapters of the thesis 
are presented in this chapter.    
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PREFACE TO CHAPTER 2: RELIABILITY MODELLING OF FLYWHEEL 
ENERGY STORAGE SYSTEM FOR POWER SYSTEM OPERATIONAL 
RELIABILITY ASSESSMENT 
 
The manuscript entitled “Reliability Modelling of Flywheel Energy Storage System for 
Power System Operational Reliability Assessment” is presented as Chapter 2. The manuscript has 
been submitted and accepted for presentation in SEEP 2018 11th International Conference on 
Sustainable Energy and Environmental Protection. The basics of reliability modelling of flywheel 
energy storage system considering its suitability in power system operational risk assessment are 
presented in this chapter. The work presented in Chapter 2 addresses the first objective of the 
research which is developing a reliability model of flywheel energy storage system suitable for 
quantitative risk assessment of the power system operation.  
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 RELIABILITY MODELLING OF FLYWHEEL ENERGY STORAGE 
SYSTEM FOR POWER SYSTEM OPERATIONAL RELIABILITY ASSESSMENT 
 
Saket Adhikari and Rajesh Karki 
2.1. Abstract 
Reliable and economic operation of power systems face extreme challenges in integrating 
large scale renewable energy sources due to intermittency and uncertainty in their power 
generation. It is therefore important to make quantitative risk assessment and explore potential 
resources to mitigate such risks. A probabilistic model of flywheel energy storage system (FESS) 
incorporating its specific charge/discharge, performance and failure characteristics, suitable for 
power system operational risk assessment is presented in this paper. The methodology used in the 
modelling offers flexibility to accommodate different plant configurations and is applied to 
illustrate comparative analysis of two typical FESS topologies. The impacts of failure rates of the 
critical components of a FESS on its expected state of charge (SOC) and its probabilistic capacity 
model during operation is illustrated. The impacts of the length of operational mission times on 
the SOC model are also investigated. The application of proposed model is demonstrated by 
assessing its ability to respond to disturbances from sudden wind and load changes on a test system.
 
2.2. Introduction 
The growth in renewable energy in electric power systems in the last decade indicates a 
promising future for renewable energy. Many countries have already agreed to implement policy 
such as the Renewable Portfolio Standards (RPS) and some are in the process of implementing it. 
RPS is a commitment to produce a certain percentage of the total generation using 
renewables within a specified time-frame [1]. In 2015, almost fifty percent of the global energy 
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growth came from wind generation alone. It is estimated that a total of USD 3.6 trillion will be 
invested in wind power between 2014 and 2040 [2]. Wind power is apparently the most preferred 
renewable energy source (RES) for bulk power production and is likely to be a mainstream source 
of energy in the near future. The intermittency and uncertainty inherent in RES pose significant 
threat to power system reliability during normal operation and during contingencies [3-5]. With 
rapid increase in RES penetration in power systems throughout the world, system operators are 
becoming increasingly concerned with their impacts on reliable and economic system operation. 
Energy storage systems (ESS) can effectively contribute to maintain the balance in supply and 
demand of energy and thus ensure reliable operation. ESS provide some degree of controllability 
to these stochastic energy sources.  
The knowledge of the operating risks associated with potential contingencies of varying 
magnitudes during a system operating scenario will help system operators make an informed 
decision. The probabilistic risk assessment becomes inevitable in wind-integrated system planning 
and operation when a large portion of the generation mix is intermittent and stochastic in nature. 
The North American Reliability Corporation (NERC) recommends to shift all assessment areas 
from deterministic to probabilistic approaches [6, 7]. 
The NERC standards require an immediate response through automatic generation control 
in order to maintain frequency and tie line regulation, and a contingency reserve to restore the 
system to its pre-disturbance state within 15 minutes of a disturbance in order to prevent load 
curtailment [8]. The economic load dispatch of committed generating units can be generally be 
modified in the most economical way [9, 10] to maintain the operating risk within reasonable 
levels. It will not always be viable to maintain an acceptable risk as the operating penetration of 
intermittent energy sources increases. In such situations, ESS such as flywheel energy storage 
systems (FESS) can provide fast response to mitigate the operating risks. 
A FESS can be used to store electrical energy in the form of kinetic energy, and can convert 
back to electrical energy when needed. Higher energy efficiency, larger instantaneous power, 
longer lifetime and environment friendly features are major advantages of FESS compared to other 
storage technologies [11-13]. Reference [14] provides comparative study of various ESS in power 
applications. An overview of FESS application in power systems is presented in [15], while [16] 
presents the control of high-speed FESS in space applications. A detailed report on design and loss 
analysis of high speed FESS is presented in [17, 18]. Most of these publications deal with 
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suitability of the FESS in different applications, design and loss analysis, but lack the direct-
usability in quantitative risk assessment of power system operation. The reliability benefits of 
using an ESS in a wind-integrated power system is presented in [19]. The storage model used in 
[19] does not incorporate characteristics of any specific storage system, but rather uses an ideal 
model where the ESS is ‘perfect’ and can always deliver the power determined by its rating and 
its SOC. In contrast to past published literature, this paper proposes an integrated reliability model 
of FESS incorporating its inherent characteristics and component failures. The common practical 
topologies of FESS plants have been considered in the modelling. The impacts of variability of 
failure rates of the rotating parts has also been investigated in the paper. 
2.3. Reliability Modelling of Flywheel Energy Storage System 
A flywheel stores energy in the form of kinetic energy determined by the speed of its rotating 
mass. The SOC of a FESS is the amount of energy stored at a given time, and can be obtained 
using (2.1), where, I is the mass moment of inertia in kg-m2, and ω(t) the rotational speed of the 
flywheel in rad/s at time t. At the maximum allowable rotational speed, the SOC is equal to its 
rated value, SOCrated. 
SOC(t)=
1
2
I x [ω(t)]2 (2.1) 
A typical FESS consists of sub-systems grouped together to meet the required power and 
energy capacity [20, 21] as shown in Figure 2.1. Each sub-system contains transformer, switch 
gear, a cluster of flywheels, and a cluster controller. The cluster controller keeps track of the SOC 
and health of the associated flywheels and applies the operational logic to the cluster to carry out 
the required power exchange. A blowout of the components within each cluster of the sub-system 
are also shown in Figure 2.1. These consists of blocks of three major components, namely: 
flywheel energy storage unit (FESU), power control module (PCM) and a back to back converter. 
The back-to-back converter connected with FESU facilitates the power exchange between FESU 
and the grid. 
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Figure 2. 1. Layout of a typical FESS plant, its sub-system, cluster components and reliability 
network diagram of the sub-system. 
 
A cluster of flywheels can be represented by a discrete probability distribution of different 
SOC states, ℱ𝐶(𝑇) which the cluster may exhibit within a certain mission time, T as expressed in 
(2.2), where, Si represents the i
th SOC state, Pi(T) the probability of the state within the mission 
time T, and ∑ 𝑃𝑘(𝑇) = 1𝑘 . The last state in the distribution ℱ
𝐶(𝑇) corresponds with the zero SOC 
of the cluster. Since each component inside the cluster can have two possible states, total number 
of states in ℱ𝐶(𝑇) equals to two raised to the power of total number of components. The total 
number states can be reduced by setting a criterion of removing the states with associated 
probabilities less than a set value. 
ℱ𝐶(𝑇)~{(𝑆1, 𝑃1(𝑇)), (𝑆𝑘−1, 𝑃𝑘−1(𝑇)),… , (𝑆𝑘, 𝑃𝑘(𝑇))} (2.2) 
Figure 2.1 also shows a reliability network diagram of the FESS sub-system. The 
combination of the switch gear, transformer Tx, and the cluster controller is referred to as STC 
block in this paper.  All of these components are required to be functional for the block’s successful 
operation. Assuming exponential times to failure [18] of the components, the equivalent failure 
rate λeqv of the STC block can be evaluated using (2.3). The probability of the STC block failing 
 27 
in a mission time T given that it was operating successfully at the beginning of mission is known 
as its outage replacement rate (ORR) [16], and can be obtained using (2.4) for a mission time T.  
𝜆𝑒𝑞𝑣 = ∑ 𝜆𝑖𝑖   (2.3) 
ORReqv(T)=1-e
-(λeqv)T  (2.4) 
The 2-state Markov model of the STC block is convolved with the discrete distribution 
ℱ𝐶(𝑇) to obtain an overall SOC probability distribution of each sub-system, ℱ𝑆(𝑇) as expressed 
in (2.5). In the similar manner, the probability distribution of SOCs for overall plant can be created 
by convolving the probability distributions associated with each sub-system constituting the plant. 
ℱ𝑆(𝑇) ~ 
{
 
 
 
 (𝑆1, 𝑃1(𝑇) ∗ (1 − 𝑂𝑅𝑅𝑒𝑞𝑣(T))) , . .
… , (𝑆𝑘−1, 𝑃𝑘−1(𝑇) ∗ (1 − 𝑂𝑅𝑅𝑒𝑞𝑣(T))) , …
… , (𝑆𝑘, 𝑃𝑘(𝑇) ∗ (1 − 𝑂𝑅𝑅𝑒𝑞𝑣(T)) + 𝑂𝑅𝑅𝑒𝑞𝑣(T)) }
 
 
 
 
 (2.5) 
The components inside a cluster shown in the blowout-view of Figure 2.1 are each 
represented by a two-state model, using the ORR of the respective components for mission time 
of interest. The FESU can be represented by a reliability network model consisting of a simple 
series configuration of its major components that are required to be functional for the unit’s 
successful operation, as shown in Figure 2.2. 
The equivalent failure rate and hence the equivalent ORR of each FESU can be obtained 
from the reliability network in Figure 2.2 using (2.3) and (2.4). The reliability model of the each 
block in the cluster can be obtained using a reduced event tree diagram [22] which is also shown 
in Figure 2.2. Each branch in the event tree corresponds to the occurrence of a particular event in 
the mission time. The bar sign above a component represents its failure during the mission. The 
probability associated with each event can be obtained using the ORR of the associated 
components for the given mission time. The tree diagram is used to obtain the discrete probability 
distribution of a cluster SOC depending on the number of FESU in the cluster. Figure 2.2 shows 
an example topology with 2 FESU sharing a PCM, and resulting in three discrete states of 100%, 
50% and zero SOC. Alternate topologies may have each FESU with its own PCM, or multiple 
FESU with a single PCM and converter, and the different cluster topologies can easily be 
accommodated in the proposed framework. The choice can influence the reliability and the 
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economics associated with the topology. The “top-down” modelling approach presented in this 
paper extends down to modular blocks and components and is flexible to integrate the models in 
a “bottom-up” evaluation to obtain the SOC model of the overall FESS. 
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Figure 2. 2. Cluster SOC model using a reduced event tree diagram, and reliability network of 
FESU. 
The SOC of a FESU changes continuously during system operation due to charging and 
discharging. The change in SOC after a ∆t duration can be evaluated using (2.6). 
SOC(t+Δt)=SOC(t)+γ x P(t) x Δt- ∫ Ploss (t) dt
t+Δt
t
 (2.6) 
Where, Ploss is the power loss in the flywheel which depends on its rotational speed, P(t)  is 
the power available to charge or discharge, and γ  = {1, -1, 0} for charging, discharging and stand-
by operation respectively during the interval ∆t. A detailed study of the estimation of different 
types of losses in FESU is discussed in [17]. The charging power 𝑃(𝑡)  ≤ 𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔
and 
P(t) ≤ Pmax
Dischrg
respectively for charging and discharging operation. The maximum charging 
Pmax
Chrg is limited by the FESU motor rating, and the maximum discharging power Pmax
Dischrg
 is given 
by (7) where SOC(t) is the initial FESU SOC at the beginning of the ∆t duration. 
Pmax
Dischrg
=min {Prated, 
SOC(t)-SOCmin+Loss
Δt
}  (2.7) 
 
A FESS connected to a power system can absorb or mitigate the disturbances. The assisting 
capacity C of the FESS available to mitigate a disturbance of magnitude X can be obtained from 
the SOC model and is expressed in (2.8). A negative X indicates excess generation, and calls for 
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a charging operation of the FESS, and vice-versa. The residual disturbance X’ after mitigation can 
be obtained using (2.9) 
𝐶 = {
−min (𝑃𝑚𝑎𝑥
𝐷𝑖𝑠𝑐ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 > 0 
min (𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 < 0
0; 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   (2.8) 
X’=X+C  (2.9) 
2.4. Application of the Proposed Model and Analysis 
 
The application of the presented reliability framework to assess the SOC model of a FESS is 
illustrated on a test power system integrated with a FESS constituting 60 clusters of 10 FESU each 
with power and energy ratings of 0.5 MW and 100 kWh, respectively. The ORR of each FESS 
component was evaluated using (2.3) and (2.4) with reference to failure rate data provided in [19] 
and [12]. Figure 2.3 shows the SOC model of the FESS plant for a range of mission times, given 
that each FESU (Topology I) is initially at 20% SOC and the components are fully functional at 
the start of the mission. Figure 2.3 shows that the SOC distribution changes with an increase in 
mission time, with most probable SOC state shifting from large capacity to a smaller one. Figure 
2.4 shows the SOC models for two cluster topologies. Topology I has two FESUs sharing a PCM 
and a converter, and Topology II has a PCM and a converter for each FESU. The SOC distributions 
of the two topologies are almost identical for the two operating mission times considered in the 
study. The difference in reliability of the two topologies are mainly contributed by the PCM and 
converter failure rates. These are relatively low for electronic components, and since the small 
mission times result in small ORR of these components, the difference in the network 
configuration does not reflect much in terms of SOC distribution. This suggest that the topology 
of the plant does not significantly affect the SOC model in operating risk evaluation, and choice 
of configuration aligns more with system economics. 
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Figure 2. 3. Discrete SOC distribution for various mission times with 20% initial SOC of FESS 
considering Topology I. 
 
 
Figure 2. 4. Discrete SOC distribution for various mission times with 20% initial SOC of FESS 
considering Topology I and II. 
The flywheel rotor at very high speeds can be exposed to high failure rates. A study was 
carried out to assess the impact of rotor failure rate on the SOC distribution, assuming that the 
failure rate is increased by a multiple of ‘K’ when the SOC exceeds 50%. Figures 2.5 and 2.6 show 
the SOC distribution for mission times of 10 minutes and 4 hours respectively, considering 60% 
initial SOC with different ‘K’ values. The SOC distribution shift to the right, and the probability 
associated with highest SOC state decreases as K is increased. The change in SOC distribution is 
more pronounced as the mission time in increased. This implies that for shorter operating times, 
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such as in power system risk assessment in the operating domain, the assumption of a constant 
failure rate of the rotating drum irrespective of SOC of the associated flywheel is reasonably 
acceptable, while in case of longer mission times, the implications of having higher failure rate of 
rotating parts at higher speed of flywheel will be more pronounced. 
 
 
Figure 2. 5. Discrete SOC distribution with varying failure rates of the rotor drum for 10-minutes 
mission time. 
 
 
Figure 2. 6. Discrete SOC distribution with varying failure rates of the rotor drum for 4-hours 
mission time. 
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A study was done to demonstrate the application of the probabilistic FESS model in 
mitigating power disturbance during power system operation. A probability distribution of 
disturbance can be created using probabilistic wind power model and load forecasting error 
models. Figure 2.7 shows a hypothetical disturbance model to which a Topology I FESS plant was 
employed to respond within a mission time of 10 minutes. The convolution of the SOC model and 
the disturbance model based on (2.8) and (2.9) gives the new probability distribution of the 
disturbance after mitigation by FESS, as shown in Figure 2.8. It shows that the disturbance 
distribution shifts toward the “zero” disturbance axis with the increase in the initial SOC. Figure 
2.8 shows that the original expected disturbance of 90.3 MW is mitigated to 22.5, 12.0, 6.2, and 
1.8 MW respectively as the initial SOC is increased from 20% to 40%. This is because a high 
initial SOC in the FESS at the time of major contingency helps the FESS to absorb the disturbances 
more effectively and improves the ability of the operating system to withstand disturbances, but at 
the same time, it also limits the FESS’s ability to capture surplus energy in a system with large 
wind penetration. The disturbance model considered in the study together with probabilistic model 
of FESS can be used to quantify the reliability benefits of FESS in power system operation. 
 
 
Figure 2. 7. Hypothetical wind/load disturbance model.  
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Figure 2. 8. New disturbance after mitigation by FESS with various initial-SOC levels. 
2.5. Conclusion 
This paper presents a reliability model of FESS incorporating its operational modes, the 
failure mechanism of its major components and their interoperability for acceptable performance 
in a power system. The reliability model is embedded in the proposed methodology to obtain the 
FESS model in the form of a discrete SOC distribution, which depends on the initial conditions 
and the length of the mission times. The FESS model can be convolved with system disturbance 
models to quantify the contribution of FESS in mitigating power system operating risks. The 
operating mission time is dictated by the market in which the FESS participates and the 
corresponding domain of study. The SOC distribution is significantly influenced by the mission 
duration. The capacity of the most probable state and the expected SOC value decreases as the 
mission time is increased. The initial SOC of the FESS plant at the time of disturbance dictates its 
ability to respond effectively to the system disturbances. A high initial SOC of FESS at the time 
of disturbance mitigates the disturbance more effectively, but at the expense of its ability to store 
the surplus energy in the system. High speed rotating parts are generally exposed to higher failure 
rates than electronic components of a system. The failure rates of FESU rotor drum at high SOC 
speeds can be much higher than that at low speeds. Although these impacts are notable at long 
mission times, they are insignificant at acceptable capacity response times in power system 
operation. FESS are available in different plant topologies, and they mainly vary in the usage of 
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additional power electronics components. The different topologies however have little impact on 
the FESS model for the operating times considered since the failure rates of the electronic 
components are relatively small. The choice of plant topology is determined by the system 
economics. The simplicity and usability of the proposed model in probabilistic risk assessment of 
power system operation is justified by its application in disturbance mitigation as presented in the 
paper. 
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PREFACE TO CHAPTER 3: INTEGRATED DISTURBANCE RESPONSE 
MODELLING TO QUANTIFY THE OPERATIONAL RELIABILITY BENEFITS OF 
FLYWHEEL ENERGY STORAGE SYSTEMS 
 
Chapter 3 is organized as manuscript and is thus essentially a self-contained chapter. The 
manuscript is submitted to IEEE Transactions on Sustainable Energy and is currently under second 
round of review. A novel framework for generation response risk evaluation of wind-integrated 
power system incorporating various disturbances that may arise during the system operation is 
presented in this chapter. The application of proposed methodology builds on the reliability 
modelling of flywheel energy storage system (FESS) developed in previous chapter and introduces 
a new-relative risk index to assess the impacts of increasing operating wind penetration and 
quantifies the reliability benefits of FESS. The chapter shares a modicum of literatures and 
descriptions on FESS modelling with Chapter 2. Second and third specific objectives of the 
research as stated in Section 1.5 are addressed in this chapter.     
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 INTEGRATED DISTURBANCE RESPONSE MODELLING TO 
QUANTIFY THE OPERATIONAL RELIABILITY BENEFITS OF FLYWHEEL 
ENERGY STORAGE SYSTEMS 
 
Saket Adhikari, Rajesh Karki, Senior Member, IEEE
3.1. Abstract 
Growth of renewable power penetration has exposed modern power systems to high 
operating risks, due to intermittency and uncertainty inherent in such energy sources. It is therefore 
essential to assess the associated risks and explore potential resources to mitigate these risks. This 
paper presents an integrated reliability model of a flywheel energy storage system (FESS) 
incorporating its specific charge/discharge, storage, performance and failure characteristics. A 
novel approach in evaluating the response risk to system disturbances is proposed. Additionally, a 
new comparative risk index designated as the Response Risk Multiplication Factor has also been 
proposed to quantify the impact of operating wind penetration in system operation and the 
effectiveness of resources with high ramp rates in providing controllability to highly intermittent 
energy sources like wind power. A disturbance uncertainty model incorporating wind power and 
FESS based on time-dependent conditional probability approach is created. The model embeds 
posterior probability approach to utilize the known information on time of day and FESS SOC. 
The developed model is applied to the IEEE Reliability Test System to illustrate its usability in 
assessment of the impact on power system operating risk due to large operating penetration of 
wind power and effectiveness of FESS in risk mitigation. 
3.2. Introduction 
Electricity generation using renewable sources is rapidly growing with increasing 
environmental concerns regarding fossil fuels. The growth in renewable energy usage occurred in 
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the past decade clearly portrays a promising future of renewable energy. Many countries have 
implemented policies such as the Renewable Portfolio Standard (RPS), to promote renewable 
energy. RPS is a commitment to produce a certain fraction of total generation using renewables 
within a specified time-frame [1]. The total global wind power production at the end of 2016 was 
486.8 GW, with cumulative market growth of 12% and GWEC forecasts that the cumulative 
installed capacity will increase to over 800 GW by the end of 2021 [2]. It is apparent that wind 
power is the most preferred renewable energy source (RES) for bulk power production and is likely 
to be a mainstream source of energy in the near future. Intermittency and uncertainty inherent in 
wind power pose significant threat to power system reliability during operation, especially if the 
operating wind penetration shares a significant portion of the load [3-5]. Increasing dominance of 
wind power in generation mix calls for probabilistic methods for assessing the resources 
availability and their impact on power system operation [6]. A time-dependent probabilistic wind 
power model suitable for capturing the wind-speed profile that a typical wind site may exhibit 
during different times of day is presented in this paper. The proposed model can be easily 
incorporated in probabilistic operational risk assessment of a power system. 
In power system operation, the committed generating units are normally dispatched to 
minimize the system operating costs, and the method is known as the economic load dispatch 
(ELD). This practice together with deterministic methods of allocating operating reserve, however, 
does not ensure adequate response from the operating reserve capacity within the margin time 
following a major disturbance. As a result, ELD may lead to unacceptable operating reliability, 
since economics and reliability often compete with each other. The system’s ability to provide 
adequate response capacity is further limited by high penetration of RES into the system. Highly 
intermittent energy sources such as wind have thus created challenges in maintaining system 
reliability in power system operation. With rapid increase in RES penetration in power systems 
throughout the world, system operators are becoming increasingly concerned with their impacts 
on reliable and economic system operation. The ability to quantify the operational risks associated 
with probable contingencies of different magnitudes for given operating scenario will help 
planners and operators to make an informed decision. Probabilistic risk assessment thus becomes 
inevitable in wind-integrated power system planning and operation. The North American 
Reliability Corporation (NERC), therefore, recommends to shift all assessment areas from 
deterministic to probabilistic approaches [6, 7]. 
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Response Risk (RR) is defined as the probability that the response capacity available within 
a margin time, following a disturbance, will be less than the required capacity [8]. The NERC 
standards require that an immediate response should be available through automatic generation 
control (AGC) in order to maintain frequency and tie line regulation and the contingency reserve 
should be able to restore the system to its pre-disturbance state within 15 minutes of a disturbance 
in order to prevent load curtailment [9].  
The response risk evaluation approach proposed in [10] includes the effect of the response 
rate of the responding unit and the probability that the responding unit fails during the response 
period. A major limitation of this approach is that it assumes only the units operating with spinning 
reserves and responsible for providing the response to a disturbance are exposed to failure during 
the response period. But in fact, even the operating units that are fully loaded and/or cannot 
participate in capacity response are likely to fail during the response period thereby creating 
another disturbance in the supply-demand balance. References [11] and [12] slightly modify the 
response risk evaluation approach by introducing a new security constraint that the available 
response capacity of the committed units within a certain margin time be greater than the required 
regulating margin. The required regulating margin as defined in the literature is a fixed percentage 
of spinning reserve. Reference [12] extends the same idea to include the wind power in the 
evaluation framework. This hybrid approach of combining probabilistic evaluation framework 
with a deterministic constraint of a constant regulating margin does not focus on the magnitude of 
the major disturbance toward which the system is responding. But rather, the approach tries to 
focus on probability of maintaining a pre-defined amount of regulating margin. And especially, 
with large amount of wind energy being injected into the system, the approach calls for large 
amount of regulating capacity from conventional units. Moreover, the reported method to modify 
ELD in the most economical way to keep the operating risk within acceptable value will not always 
be a viable option as operating penetration of wind power in the system increases. The need for 
resources with fast ramp rate thus becomes inevitable. It is therefore very essential to have the 
ability to make quantitative assessment of associated risks in system operation, and to investigate 
the full potential of suitable resources such as energy storage systems in order to mitigate these 
risks. These limitations in the reported literature are addressed in the new approach proposed in 
this paper. The consideration of active capacities of all remaining healthy units in creating the 
capacity response model, regardless of their individual share in the reserve margin, addresses the 
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possible additional disturbances from the loss of any remaining healthy unit(s) during the response 
time and is an important consideration in response risk evaluation from practical operational point 
of view. Instead of focusing on the probability of maintaining a pre-defined amount of regulating 
margin during system operation, the evaluation of the probability of adequate and timely response 
toward a major contingency disturbance, as proposed in this paper, gives a more realistic appraisal 
of the response risk in the system operation and insights for the system operators to avert or 
minimize the impact of identified major contingencies. 
Among the host of past literatures [10-17] on power system security, a few are focused on 
generation response risk evaluation with very limited work on incorporating energy storage system 
(ESS) in the evaluation framework. Reliability benefits of ESS in power system operating risk is 
presented in [13]. However, the risk assessment is limited to unit commitment risk (UCR) which 
does not consider the characteristics of disturbances and associated responses, or the ramping 
abilities of the committed units. Furthermore, the storage model used in the literature does not 
incorporate characteristics of any specific storage system. But rather, uses an ideal model where 
storage system is ‘perfect’ and can always deliver the power determined by its power rating and 
state of charge (SOC). Reference [16] presents a simulation-based approach for operational 
adequacy analysis of wind-integrated power system and sums up the operational risk in terms of 
expected energy not served (EENS) in the time horizon of months. Reference [17] presents a more 
general framework to perform the similar task as in [16] and evaluates the operational risk in terms 
of UCR and EENS. Although the approaches presented in [16] and [17] provide an important 
insight of comparatively long-term operational risk profile to the system planners, it has limited 
significance in terms of analysis of the generation response to the major contingency disturbances 
within a short operational time frame. These limitations are addressed in this paper through a new 
response risk evaluation framework that is particularly focused on the system’s generation 
response capacity to respond to the specific major disturbances.  
A flywheel energy storage system (FESS) can be used to store electrical energy in the form 
of rotational energy, and can convert the stored energy back into electrical energy. Higher energy 
efficiency, larger instantaneous power, longer lifetime and environment friendly features are major 
advantages of FESS compared to other storage technologies [20-22]. An overview of power 
system applications of FESS is presented in [21], while [22] and [23] deal with design and loss 
analysis of FESS. Majority of the published literature deal with investing and analyzing the 
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suitability of the FESS in different applications, design and loss analysis, but lack the direct-
usability in quantitative risk assessment of power system operation. This paper provides a new 
contribution by developing an integrated mission-oriented reliability model of FESS incorporating 
its inherent charge / discharge characteristics and component failures. 
This paper presents a time dependent disturbance model that recognizes random short-term 
deviation from a given initial system operating state due to random forced outages of committed 
generating units, uncertainty in wind power fluctuation and load variation. Unlike widely reported 
short-term wind power models [12, 16] the proposed disturbance model incorporates rising and 
falling diurnal trends in modeling wind power uncertainty. Identifying positive and negative 
magnitudes of power disturbances are particularly important in embedding the disturbance model 
with FESS charging and discharging characteristics, and this feature of the proposed model is a 
new contribution that enables the assessment of response risk mitigation by ESS. The integration 
of the uncertainties associated with different operating variables, mainly the wind speed, load 
variation and forced outages of committed units in creating the disturbance model, and the 
combination of the integrated disturbance model with the proposed FESS response model to 
quantify the impact of ESS on operating risk mitigation are the key contributions of this paper. 
An index designated as response risk multiplication factor (RRMF) is introduced that 
measures the relative change in the response risk (RR) due to addition of wind energy into the 
system. The index can be used to quantify the impact of increasing operating wind penetration on 
the system RR. The RRMF is also used to measure the relative change in RR due to combined 
effect of wind and ESS. In this case, the index serves to quantify the benefits of FESS in mitigating 
the system RR to maintain operational reliability. 
3.3. Reliability Modelling of Flywheel Energy Storage System 
A flywheel stores energy in the form of mechanical energy determined by the speed of its 
rotating mass. The SOC of a FESS is the amount of energy stored at a given time, and can be 
obtained using (3.1). 
SOC(t)=
1
2
Iω(t)2   (3.1) 
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Where, I is the moment of inertia, and ω the rotational speed of the flywheel at time t. At the 
maximum allowable rotational speed, the SOC is maximum or equal to its rated value, SOCrated. 
Figure 3.1 shows the major components that constitute a typical Flywheel Energy Storage 
Unit (FESU). A magnetic bearing system and a vacuum enclosure provides a near-frictionless 
environment for the rotor’s rotation. A permanent magnet synchronous machine operates in both 
motor and generator modes. The machine is enclosed inside a vacuum chamber, and a dedicated 
cooling system is provided to dissipate the heat generated. A back-to-back converter connected 
with each FESU facilitates the power exchange between FESU and the grid. A power control 
module (PCM) keeps track of the SOC and state of health of the associated FESU. Figure 3.2 
shows a cluster of FESUs. A typical FESS plant will have multiple clusters grouped together to 
meet the required power and energy capacity. A cluster controller is provided to each cluster, 
which keeps track of the SOC and applies the operational logic to the cluster to carry out power 
exchange. 
 
Figure 3. 1. Flywheel energy storage unit (FESU). 
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Figure 3. 2. Cluster of FESUs. 
 
The SOC of a flywheel changes continuously in time due to charging, discharging and stand-
by operation. The new SOC after a ∆t duration can be evaluated using (3.2). 
SOC(t+Δt)=SOC(t)+y x P(t) x Δt- ∫ Ploss dt
t+Δt
t
  (3.2) 
Where, Ploss is the power loss in the flywheel, 𝑃(𝑡)  is the power available to charge or 
discharge, and y = {1, -1, 0} for charging, discharging and stand-by operation respectively during 
the interval ∆t. Ploss is a function of rotational speed of the flywheel. A detailed study in estimation 
of different types of losses in FESU is presented in [22] and [22]. For charging 
operation, 𝑃(𝑡)  ≤ 𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔
, and for discharging operation, P(t) ≤ Pmax
Dischrg
. Pmax
Chrg is maximum 
charging power limited to power rating of the generator, while the maximum discharging power, 
Pmax
Dischrg
 is given by (3.3).  
Pmax
Dischrg
=min {Prated, 
SOC(t)-SOCmin+Loss
Δt
}  (3.3) 
The FESU can be represented by a reliability network model consisting a series configuration 
of its major components that are required to be functional for the unit’s successful operation. 
Assuming exponential times to failure [24] of the major components, the equivalent failure rate of 
a FESU can be evaluated using (3.4)  
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𝜆𝑒𝑞𝑣 = ∑ 𝜆𝑛𝑛∈𝜑𝐶𝐹   (3.4) 
Where, λn is the failure rate of nth component from 𝜑𝐶𝐹: set of all critical components of 
FESU. 
The probability of a FESU failing in a mission time given that it was operating successfully 
at the beginning of mission is known as its outage replacement rate (ORR) [10]. The ORR is time 
dependent and can be obtained using (3.5) for a mission time T. 
ORR(T)=1-e-(𝜆𝑒𝑞𝑣)T  (3.5) 
By obtaining the ORR of a FESU using (3.4) and (3.5) for a given mission time, the SOC of 
a FESS can be modeled as a discrete probability distribution with posterior probability conditional 
upon the known initial conditions of its SOC and system components’ status. 
An example is illustrated considering a FESS constituting 60 clusters of 10 FESUs each with 
power rating (Prated) and energy rating (SOCrated) of  0.5 MW and 100 kWh respectively. The ORR 
for a mission time of 10 minute were evaluated using (3.4) and (3.5), based on the failure rate data 
provided in [25] and [26]. Table 3.1 shows the SOC model for a 10 minute mission time 
conditional upon the initial SOC of each of FESUs being 50% of SOCrated and the components 
being fully functional at the start of the mission. 
Table 3. 1. SOC model of FESS plant. 
State   # SOC (MWh) Probability 
1 30 0.960588 
2 29.95 0.038383 
3 29.9 0.000765 
4 29.85 1.02E-05 
5 29.5 0.000244 
- - - 
- - - 
- - - 
28 0 2.093E-07 
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3.4. Short Term Wind Power Modelling 
Wind speed variation within a day follows a diurnal pattern of rising, flat or falling wind 
trend periods. This short-term characteristics of wind is illustrated using wind speed data obtained 
from the National Renewable Energy Laboratory (NREL) [27] collected at 10 minute time 
intervals  for a site in North Dakota over a period of three years. Figure 3.3 shows the plot of 
average wind speeds for the 10 minutes interval for a total of 144 intervals or 24 hours within a 
particular day. The wind profile between 3 AM and 9 AM and between 11 AM to 4 PM show 
falling trends in the wind speed, where the falling slope is sharper in the afternoon. Similarly, wind 
speed profile has rising trend from 4 PM to 12 AM. 
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Figure 3. 3. Average wind speed profile in a day. 
 
A conditional probability approach is used to obtain a short-term wind speed model 
following a major contingency disturbance conditional upon the known conditions prior to the 
disturbance. The known wind conditions are the initial wind speed (IWS) at the time T when the 
contingency just occurred, and the time of day of such occurrence lying in the rising, falling or flat 
trend of the historical wind profile. A set S of wind speed data in (3.6) can be obtained either from 
historical wind speed data x, or from a series of synthetic data from a statistical model, such as 
ARMA [28], in the absence of adequate historical data. 
𝒮={xT+∆T : xT = IWS, xT⊂ ℛ}  (3.6) 
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Where T is the wind speed data interval which is equal or less than the margin time, and ℛ 
is a set of wind speed data in the rising, falling or flat wind profile trend  in which the IWP lies. 
Based on Sturges’ rule [29], the number (𝒩𝑏) and width (𝒲) of class intervals and can be found 
using (3.7) and (3.8) respectively. 
𝒩𝑏 = 1 + 3.3 x log |𝒮|  (3.7) 
 𝒲 =
Max{𝒮}−Min{𝒮}
|𝒩𝑏|
   (3.8) 
The data in set 𝒮 is divided into subsets, where subset 𝒮𝑖   falling in the ith interval is given 
by (9).  ℬ𝑖
𝑚𝑖𝑛and  ℬ𝑖
𝑚𝑎𝑥 shown in (3.10) and (3.11) respectively represent the lower and the upper 
limit of the ith interval The mid-point Bi represents the wind speed for the interval i. A discrete 
probability distribution of wind speed within the margin time, conditional upon given IWS at time 
T is created, where the probability of the wind speed Bi is obtained using (3.12). This wind speed 
model is designated as the conditional wind speed distribution (CWSD). 
𝒮𝑖 = {xT+∆T ∶ ℬ𝑖
min≤xT+∆T<ℬ𝑖
𝑚ax}; 𝒮𝑖 ⊂ 𝒮, ∀ 𝑖 ≤ 𝒩𝑏 (3.9) 
ℬ𝑖
𝑚𝑖𝑛 = Min{𝒮} +𝒲 x (𝑖 − 1)  (3.10) 
ℬ𝑖
𝑚𝑎𝑥 = Max{𝒮} −𝒲 x (𝑖 − 1)  (3.11) 
P(𝐵𝑖) =
|𝒮𝑖|
|𝒮|
  (3.12) 
The CWSD can be transformed into conditional wind power distribution (CWPD) using 
Wind Turbine Generator (WTG) power curve characteristics [30]. 
3.5. Integrated Disturbance Modelling 
This paper focuses on the operating reliability that is quantified by the ability of the system 
to respond adequately to major disturbances.  This section presents the development of an 
integrated disturbance uncertainty model based on time-dependent and posterior probability 
approach to utilize the known information on initial wind speed, time of day, FESS SOC, load 
level and conventional generation status at the start of the response time. The disturbance due to 
the loss of committed generating unit, load forecast uncertainty and wind power fluctuation within 
a lead time has been considered in the development of the disturbance model.  Since transmission 
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systems are planned for N-1 contingency, a single outage will have negligible impact on the 
response ability of the system to any disturbances. As the failure rates of lines are comparatively 
low, the probability of multiple outages is insignificant within the short mission time given that 
the transmission system was healthy at the beginning of the mission. The contribution from the 
lines, are therefore, not considered in the disturbance model.  However, the developed model can 
easily be extended to include these disturbances if desired. Figure 3.4 shows a general block 
diagram for the development of the proposed integrated disturbance model. 
The development of the integrated disturbance model is described with an example of the 
IEEE-RTS connected to an 800 MW wind farm. The wind speed data from the North Dakota site 
is used in the study. An operating condition is considered with ten generating units selected from 
the loading priority table [31] to meet a load of 1450 MW at a time of day with a falling wind 
trend. It is assumed that a major contingency disturbance, D0 of 80 MW occurs due the forced 
outage of a generating unit. The initial wind power (IWP) at the time is 166 MW. The remaining 
healthy units must respond to recover the power deficit within a margin time of 10 minutes. In 
doing so, they must also respond to additional disturbances that can occur as a result of loss of 
other units, wind power fluctuations and load variations. 
 
 
Figure 3. 4. Development of integrated disturbance model. 
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The impact of load uncertainty in unit commitment risk analysis are presented in [32-35]. It 
is a common practice to model the uncertainty by a normal distribution with a known standard 
deviation [10]. The load disturbance has been modeled using a 7-step discrete normal distribution 
with zero mean as expressed in (3.13) and shown in Figure 3.5 in this study. The standard deviation 
, which is a measure of spread in forecast error, will apparently be smaller for shorter forecast 
horizon [36]. A study on forecast errors in short-term load forecasting in utilities is presented in 
[37]. The study presented in this paper uses a  of 0.5% of the mean value. 
ℱ𝐿~𝑃(𝐷𝑗
𝜎)  (3.13) 
 
 
Figure 3. 5. Load Disturbance Model. 
 
The disturbance due to wind power is modeled by a discrete probability distribution, ℱ𝜔, 
using the short-term wind modeling approach described in Section III considering the known 
conditions of the initial wind power, time of day and the margin time. The wind disturbance model 
is expressed in (3.14), in which the disturbance magnitude 𝐷𝑖
𝜔
 of the ith state is obtained from 
(3.15), and its corresponding probability from (3.16). 
ℱ𝜔~𝑃(𝐷𝑖
𝜔)  (3.14) 
𝐷𝑖
𝜔  =  IWP −WPi  (3.15) 
𝑃(𝐷𝑖
𝜔)  = P(WP𝑖)   (3.16) 
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The load and wind disturbance functions, ℱ𝐿 and ℱ𝜔, are convolved to form an integrated 
disturbance model, ℱ  as expressed in (3.17). The integrated load and wind disturbance model for 
the margin time of 10 minutes is shown in Figure 3.6 with and without including the major 
contingency disturbance of 50 MW in the integrated disturbance model. The disturbance 
magnitude is expressed in percent of the system load. 
ℱ(𝐷 = 𝑧) = ∑ ℱ𝐿 (𝑧1) x ℱ𝜔 (𝑧 − 𝑧1) 
3𝜎
𝑧1=−3𝜎   (3.17) 
Where, 𝑧1 ∈ {𝐷
𝜎} and 𝑧 − 𝑧1 ∈ {𝐷
𝜔} 
It should be noted that a positive disturbance in Figure 3.6 represents a power deficit while 
a negative disturbance means excess power due to wind generation or load drops within the margin 
time. The magnitude, polarity and the probability of disturbance are the three important 
information obtained from the disturbance model. A large magnitude of positive disturbance tends 
to expose the system to a higher risk in responding to the deficit, whereas, a large negative 
disturbance can lead to the spillage of renewable energy if the system cannot adequately respond 
within the margin time to absorb the surplus energy. Figure 3.6 shows that the distribution plot 
shifts to the right when the major contingency is included in the model, showing increased power 
deficits with high probabilities. 
 
 
Figure 3. 6. Integrated disturbance model considering IWP of 166 MW in the falling trend, 
without FESS. 
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A FESS connected to the power system can absorb or mitigate the disturbances. The assisting 
capacity AsC of the FESS available to mitigate a disturbance of magnitude X can be obtained from 
the FESS SOC model described in Section II, and is expressed in (3.18), where X = D0 + D, and 
D0 and D are the magnitudes of the major contingency disturbance and the integrated load and 
wind disturbances respectively. A negative X indicates excess generation, and calls for a charging 
operation of the FESS, and vice-versa. A discrete probability distribution ℱ𝑓of the assisting 
capacity to the integrated disturbance is expressed in (3.19).  
𝐴𝑠𝐶 = {
−min (𝑃𝑚𝑎𝑥
𝐷𝑖𝑠𝑐ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 > 0 
min (𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 < 0
0; 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  (3.18) 
ℱ𝑓~𝑃(𝐴𝑠𝐶)  (3.19) 
The integrated load and wind disturbance model is then convolved with the assisting capacity 
model of FESS to form an overall disturbance model, ℱ′ as expressed in (3.20). 
ℱ′(𝐷𝑓 = 𝑧) = ∑ ℱ𝑓 (𝑧1) x ℱ𝜔 (𝑧 − 𝑧1)𝑧1   (3.20) 
Where, 𝑧1 ∈ {𝐴𝑠𝐶} and 𝑧 − 𝑧1 ∈ {𝐷} 
The overall disturbance model is shown in Figure 3.7 considering an initial SOC of 60% of 
a FESS with a rated capacity of 300 MW at the time when the major contingency occurred. The 
initial SOC at the time of a major contingency mainly depends on the operating strategy employed 
by the FESS operator to fully exploit its capacity, energy and ramping capabilities. The disturbance 
models corresponding to 20% and 35% initial SOC are also shown for comparison. 
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Figure 3. 7. Overall disturbance considering IWP of 166 MW (falling profile) with FESS. 
 
The fast response ability of a FESS provides prompt assistance to mitigate unforeseen 
disturbances during power system operation. In the event when there is surplus energy from wind 
gusts, the additional energy can be quickly absorbed by the FESS. Figure 3.7 shows that the 
disturbance distribution shifts toward the “zero” disturbance axis with the increase in the initial 
SOC.  A  high initial SOC in the FESS at the time of major contingency helps the FESS to absorb 
the disturbance more effectively and improve the ability of the operating system to withstand 
disturbances, but limits the FESS’s ability to capture surplus energy in a system with large wind 
penetration. 
3.6. Response Risk Evaluation 
A unit commitment based on economic load dispatch can lead to inadequate regulating 
margin if the operating costs of fast ramping units are relatively high at the load level. The 
regulating margin (RMi) of the ith unit is the portion of its spinning reserve (SRi) that can be 
available within a margin time MT as expressed in (3.21). The active capacity (ACi) of the ith unit 
is calculated using (3.22). 
RM𝑖  =  Min. ( γ𝑖 x MT, SR𝑖)  (3.21) 
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AC𝑖  =  RM𝑖 + (C𝑖 − SR𝑖)  (3.22) 
Where, Ci and γ𝑖 are rated capacity and ramp rate of the i
th generating unit. 
The response risk (RR) is the probability that a system fails to respond adequately to a 
disturbance within the margin time to maintain the continuity of power supply [8], and can be 
expressed by (3.23). 
𝑅𝑅 = ∑ 𝑅𝑅𝑗  x ℱ′ (𝐷𝑗
𝑓)𝑗𝜖𝜑ℱ   (3.23) 
Where,   
𝑅𝑅𝑗 = ∑ 𝑃𝑘 x 𝑄𝑘𝑘∈𝜑𝐶   (3.24) 
And, 
𝑄𝑘 = {
0; 𝑖𝑓 (∑ 𝐴𝐶𝑖𝑖∈𝜑𝐺 ) > |𝐿𝑛𝑒𝑡 + 𝐷𝑗
𝑓|
1; 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  (3.25) 
Where, 𝜑ℱ is the set of all the states from the overall disturbance model expressed in (3.20), 
𝜑𝐶 the set of combinations of outage contingencies of all the healthy generating units at the initial 
condition, Pk is the probability of the k
th contingency outage within the margin time, 𝜑𝐺 is the set 
of healthy generating units in operation under kth contingency, and Lnet is the net load obtained by 
subtracting the IWP from the system load. 
An index designated as the response risk multiplication factor (RRMF) expressed in (3.26) 
is introduced in this paper to provide a relative measure of the impact of wind penetration on the 
response risk following a given major system disturbance. 
RRMF=
𝑅𝑅 𝑤𝑖𝑛𝑑,𝐹𝐸𝑆𝑆
𝑅𝑅 𝑐𝑜𝑛𝑣
  (3.26) 
Where, RRconv is the response risk of the conventional system without considering wind 
power and FESS, and RRwind,FESS is the response risk of the system considering wind power with 
or without FESS. 
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3.7. Results and Analysis 
The proposed approach to evaluate the response risk and RRMF is illustrated on the IEEE-
RTS example described in Section IV with 10 conventional generating units scheduled to meet the 
1450 MW load. An economic load dispatch based on first order gradient method [32] was 
performed for the net load of 1284 MW, considering 166 MW of wind generation from the 800 
MW wind farm. The cost parameters provided in [38] were used in determining the economic load 
schedule for the ten committed units, and is presented in Table 3.2. The first six units, i.e. Unit 1 
to Unit 6, are fully loaded and do not hold any spinning reserve or regulating margin. 
It is assumed that a major contingency disturbance occurs due forced outage of Unit 8, which 
is dispatched at 80 MW. The remaining nine healthy units must respond to recover the power 
deficit within the margin time of 10 minutes. The generation response to the disturbance during 
the margin time is modeled by a cumulative probability distribution of the regulating capacity from 
the committed conventional generation. The cumulative probability distribution is created based 
on the concept presented in [10] and is presented in Figure 3.8 in terms of the active capacity (3.22) 
of available healthy units. 
Table 3. 2. Economic schedule considering wind power. 
Unit ID Ci  
(MW) 
Gmini 
(MW) 
Schedule 
(MW) 
RMi      
(MW) 
ACi  (MW) 
1 50 0 50 0 50 
2 50 0 50 0 50 
3 50 0 50 0 50 
4 50 0 50 0 50 
5 400 200 346.95 0 346.95 
6 400 200 347 0 347 
7 350 150 150.05 90 240.05 
8 197 80 80 60 140 
9 197 80 80 60 140 
10 197 80 80 60 140 
Total 1284 270 1554 
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Figure 3. 8. Cumulative probability distribution of active capacities for different probable 
contingencies within margin time. 
 
The overall disturbance model ℱ′ for this example is shown in Figure 3.7, which is 
represented by a discrete probability distribution of multiple disturbance magnitudes following the 
contingency. The horizontal line in Figure 3.8 illustrates the response risk associated with a 
selected state of the overall disturbance model following the contingency disturbance D0 of 80 
MW. The disturbance magnitude 𝐷𝑗
𝑓
for the selected state is 0 MW with a probability 𝑃(𝐷𝑗
𝑓)  of 
0.264313 considering an initial FESS SOC of 20%. The committed generation must respond with 
a total active capacity exceeding |Lnet + 𝐷𝑗
𝑓
| = 1284 MW.  Figure 3.8 shows that the response risk 
for the selected disturbance state is 7.98E-04. The expected response risk considering all the states 
of the overall disturbance model and their corresponding probabilities is 4.68E-04. This means 
that there is 0.0468% chance that the system including the FESS will fail to respond adequately to 
the loss of Unit 8 within the margin time. 
In the similar manner, the response risk is found to be 6.80E-03 when the FESS is not 
considered in the previous example. The response risk without wind power and FESS in the 
example is 7.75E-04. The RRMF due to wind power is found to be 8.77. It implies that the 
integration of wind power to the IEEE-RTS makes the system nearly nine times more likely to fail 
in providing adequate response to contain the major contingency disturbance within the margin 
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time. The RRMF considering FESS with 20% SOC is found to be 0.60. This quantifies the impact 
of FESS in mitigating the increase in response risk due to wind power.  
The results from the above example shows that the operating reliability quantified by the 
response risk of the system can degrade considerably with the integration of wind power. Another 
study was carried out to investigate the impact of increasing wind penetration and the application 
of FESS on the operating reliability. Figure 3.9 shows the variation of RRMF with increasing 
initial wind power (IWP) expressed in percentage of the load. Figure 3.9 also shows the RRMF 
when a 300 MW FESS is available in the system with initial 20% SOC at the time of the major 
contingency.  
It should be noted that a RRMF equal to 1 indicates no change in the response risk of the 
system due to the addition of wind or ESS. The horizontal line corresponding to RRMF=1 in Figure 
3.9 is used as the base line to compare the reliability impact of wind and FESS. The RRMF is 
plotted on a log-scale in Figure 3.9, and it increases significantly above the base line as wind power 
is increased, indicating degradation of the reliability of the committed operating system.  The 
figure shows that the operating reliability can be improved relative to the base line with the use of 
FESS until the wind power exceeds 20% penetration. Beyond this point, the operating reliability 
cannot be maintained at the base level by the FESS although the RRMF is less than the case without 
FESS. It can be seen that regulating energy available from FESS is not sufficient to contain the 
disturbance and, consequently, RRMF decreases only slightly when wind penetration is 31% of 
the load. 
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Figure 3. 9. RRMF with increasing wind power with and without FESS. 
 
Another study was done to quantify the contribution of FESS to operating reliability 
following a major disturbance considering different SOC levels of the FESS at the time. The study 
considered two cases of major contingency disturbance: Case U8 is a sudden outage of Unit 8 
dispatched at 80 MW as in the previous example and Case U1 is a sudden outage of Unit 1 rated 
and dispatched at 50 MW. It was assumed that the initial wind power was 31.5% of the load, and 
a 300 MW FESS was available to the system. The contingency was assumed to occur at a time 
when the wind had a falling trend. Figure 3.10 shows the variation of RRMF with initial SOC of 
FESS. 
Figure 3.10 shows that the RRMF decreases with the increase in initial SOC of FESS for 
both major contingency disturbance cases. A higher SOC enables the FESS to provide more 
response capacity. Since SOC is expressed in percent of the rated FESS capacity, large capacity 
FESS will provide high regulating power and increased benefit in mitigating response risk. 
However, the appropriate FESS sizing should also consider benefits from other tasks or markets, 
such as frequency regulation, power quality, energy market and associated costs, in addition to 
responding to system contingencies. The results show that at least 30% SOC is required in the 
FESS to contain the disturbance due to Case U8. In Case U1, the FESS is not required to assist 
wind power as it has little impact on the response risk. The FESS however lowers the response 
risk below the base line in this case as shown in Figure 3.10. 
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Figure 3. 10. RRMF considering different initial SOCs of FESS at the time of two major 
contingencies. 
 
The evaluation in the above examples were done considering a falling wind trend. Another 
study was carried out to assess the operating reliability when a major contingency occurs during a 
rising trend. The study considered a sudden outage of Unit 8 dispatched at 80 MW in the operating 
schedule shown in Table II in the evening time when the wind has a rising trend. A 300 MW FESS 
with an initial SOC of 60% is available to the system. Figure 3.11 shows the variation of RRMF 
with initial wind power conditions with and without FESS. It can be seen that the RRMF decreases 
with the increase in IWP for both the cases. The RRMF curves for the two cases, i.e. with and 
without using FESS, almost coincide indicating little change in RRMF before and after using 
FESS. This is because the rising wind following the major contingency impacts the system in two 
ways; it lowers the positive disturbance magnitude reducing the response capacity requirement; 
and tends to raise the negative disturbance which is surplus energy eventually stored in the FESS 
to increase the regulating margin. The increase in FESS SOC after the system’s response to the 
disturbance is also shown on the right axis of Figure 3.11. The initial SOC of FESS in this study 
is assumed to be 36 MWh (60% of rated capacity). Since FESS significantly reduces RRMF while 
charging during rising wind, the system can maintain acceptable operating reliability even with 
reduced regulating reserves during these times. The figure also shows the RRMF and FESS SOC 
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results for a falling wind trend for comparison. There is significant improvement in RRMF due to 
FESS under falling-wind condition as also shown in the previous example. The contribution of 
FESS to mitigating the operating risks comes at the expense of large drops in SOC of FESS as 
shown in Figure 3.11. 
 
 
Figure 3. 11. RRMF and SOCs under diferent operating wind penetration levels considering 
rising / falling wind profile with / without FESS. 
3.8. Conclusion 
The ability of a power system to respond to major disturbances is severely limited by wind 
power intermittency, especially in operating systems with large wind penetration.  High ramp rates 
of energy storage systems, such as FESS, allows them to provide prompt assistance to absorb the 
disturbances from the wind power fluctuations and load forecast errors within the response time 
following such major disturbances. This paper utilizes a probabilistic integrated disturbance model 
conditional upon the known conditions at the time of a major contingency disturbance to quantify 
the contribution of FESS on operational reliability of a wind-integrated system. The wind speed 
profile at the time of such major disturbance greatly influences the system’s ability to respond to 
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the disturbance. If a major contingency event were to occur at the time when wind speed has 
falling-trend, the operational reliability degrades considerably as operating wind penetration is 
increased. An FESS used under such operating conditions can significantly improve the system’s 
operating risk due to its stored regulating energy. On the contrary, the wind profile exhibiting the 
rising-trend at the time of a major disturbance boost’s up the system’s response and thus lowers 
the operating risk. The FESS can be used in such operating conditions to capture the additional 
wind energy while maintaining an acceptable operational reliability. The SOC of the FESS at the 
time of the disturbance dictates the extent to which it can assist the system, or avoid wind energy 
curtailments. 
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PREFACE TO CHAPTER 4: RECOVERY RISK ANALYSIS OF WIND-
INTEGRATED COMPOSITE POWER SYSTEM WITH FLYWHEEL ENERGY 
STORAGE SYSTEM 
 
This chapter is organized as a manuscript entitled “Recovery Risk Analysis of Wind-
integrated Composite Power System with Flywheel Energy Storage System”. The manuscript is 
submitted and is currently under review in IEEE Transactions on Power Delivery. The 
fundamental concept of generation response risk analysis used in Chapter 3 has been extended to 
incorporate role of transmission lines in the power system operating risk assessment. And therefore 
this chapter shares some of the literature and descriptions of component modelling with previous 
chapters. The work presented here is focused on quantifying the benefits of using FESS during the 
system operation and establishing a framework to evaluate the operating risk of wind-integrated 
composite power system. The final objective of the research, as stated in Section 1.5: ‘to extend 
the fundamental concept of response risk analysis to address the locational impact of operational 
disturbances. 
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POWER SYSTEM WITH FLYWHEEL ENERGY STORAGE SYSTEM 
 
Saket Adhikari, Rajesh Karki, Senior Member, IEEE, Prasanna Piya, Member, IEEE
4.1. Abstract 
With the increased uncertainty in the power system operation due to growing penetration of 
highly intermittent energy sources such as wind power, the need for the impact assessment of the 
renewable penetration on system operating risk and the quantification of benefits of using energy 
storage technologies is more than ever. A recovery-risk-analysis based analytical framework for 
operating risk assessment of wind-integrated bulk power system following a major contingency 
disturbance is presented in this paper. Two new risk indices that are essential to develop the 
recovery risk profile of the composite power system as well as individual bulk load delivery points 
following a major disturbance have been proposed in this work. The proposed framework aims to 
quantify the impact of increasing operating wind penetration on the system operating risk and 
quantify the reliability benefits of using fast-responding energy storage system such as flywheel 
energy storage system (FESS). The proposed methodology is illustrated through several case 
studies carried out in modified – Roy Billinton Test System. 
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4.2. Nomenclature 
Ψ𝐵  Set of all busses 
Ψ𝑗
𝐵  Set of busses in neighborhood of jth  bus 
Ψ𝐸   Set of states from FESS model 
Ψ𝑊  Set of wind power states in wind power model 
Ψ𝐹  Set of probable contingencies within margin time 
λ   failure rate in failures / year 
I   Mass moment of inertia in kg-m2 
𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔
  Maximum charging power in MW 
Pmax
Dischrg   Maximum discharging power in MW 
SOC(t)  State of charge at time t in MWh 
𝑛𝑗
𝐺   Number of generating units connected to jth bus 
 Φi,j
g
  Cost of ith generating unit in jth bus in $/MW 
Φ𝑤  Cost of wind power in $/MW 
Φ𝑗
𝐿𝐶  Cost of load curtailment at jth bus 
γjk   Susceptance of line connecting j
th and kth bus in siemens  
gmini,j    Rated lower limit of i
th generating unit in jth bus in MW 
gmaxi,j   Rated upper limit of i
th generating unit in jth bus in MW 
𝑃𝑖,𝑗,𝑚𝑖𝑛 Permissible lower limit (within margin time) of i
th generating unit in jth bus 
in MW 
𝑃𝑖,𝑗,𝑚𝑎𝑥 Permissible upper limit  (within margin time) of i
th generating unit in jth bus 
in MW 
𝛼𝑖,𝑗/𝛽𝑖,𝑗  Ramp up and down rate of i
th unit in jth bus in MW/min 
Ƒjk   Rated capacity of line connecting jth and kth bus in MW 
t    Time  
∆t   Time interval / Margin time 
ω(t)   Rotational speed of the flywheel at time t in rad/s 
Pk  Probability of k
th SOC state from FESS model 
Ploss  Power loss in flywheel 
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𝑝𝑖,𝑗  Power output of i
th unit in jth bus in MW 
LCj  Load curtailed at j
th bus 
Lj  Load at j
th bus 
𝜃𝑗   Voltage angle at j
th bus in radians 
WP  Wind power in MW 
𝑊𝑚  m
th state from wind power model in MW 
𝑤𝑘  Wind power that is being actually consumed as determined from load flow 
optimization under kth contingency 
𝑆𝑖,𝑗  Spinning reserve in i
th unit of jth bus in MW 
𝑃(𝐷𝑘
𝐹) Probability of kth contingency from failure of one or more system 
components in MW 
𝑄/𝑄′  Binary variable 
4.3. Introduction 
The objective of maintaining power balance in modern power system operation is 
increasingly challenged by the uncertainty in supply due to growing intermittent generation and 
random outages of generating units and transmission lines. These problems will be further 
aggravated as renewable energy penetration continues to increase in response to environmental 
concerns. The projected global trends of wind power growths [1] are raising concerns among 
power system operators regarding the reliability of system operation.  
Power systems are operated with spinning and regulating reserves to mitigate any unforeseen 
disturbances within a specified time margin. The NERC standards, for instance, require that an 
immediate response should be available through automatic generation control (AGC) in order to 
maintain frequency and tie line regulation and the contingency reserve should be able to restore 
the system to its pre-disturbance state within 10 minutes of a disturbance in order to prevent load 
curtailment [2]. With the increased operating wind penetration (OWP), the share of conventional 
generation is reduced and the system gradually loses the inertial response. The reduced inertial 
response and increased variability and uncertainty in the system operation due to addition of 
intermittent energy source put the system operation in significant operating risk. In such situations, 
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energy storage system (ESS) can absorb the generation variability and mitigate transmission 
congestion, thereby improving the operational reliability and enabling further penetration of RES 
[3]. ESS with fast response capability such as flywheel energy storage systems (FESS) can ensure 
the desired prompt assistance during system operation to re-store the power balance within a short 
time-frame following a major contingency event.  
Considerable work has been done in the past regarding system security assessment 
considering N-k contingency analysis [4-12]. Reference [4] ranks the contingencies based on 
performance index for a postulated list of contingencies using fast decoupled method. A fast 
contingency screening technique for generation system evaluation considering the severity and the 
probability of contingency is proposed in [5]. Reference [6] deals with day-ahead security 
management with respect to probable contingencies and ranks the contingencies based on line 
overloads. A novel approach for the power system security assessment using post-contingency 
security distance presented in [7] enables the system operators to know the available security 
margin after benign contingencies in addition to ranking the ones which cause overloads in the 
system. Similarly, [8] used Expected Power Not Served (EPNS) as a risk index for reliability 
evaluation in order to rank the contingencies and proposed a bi-level optimization model for risk 
assessment of transmission system. The reported literatures are mainly focused on the approach to 
identify the event(s) that harms the system operation the most in one way or the other. Reference 
[9] presents the fundamental idea behind generation response risk and proposes an approach for 
the risk evaluation. However, it exposes only the units with spinning reserve to the failure. 
Reference [10] improved on the approach and introduced a hybrid technique of adding 
deterministic security constraint in probabilistic framework for the response risk evaluation. The 
approach has limitation in its applicability in incorporating the role of transmission network in the 
system operating risk. For instance, even if the operating units maintain a reasonable amount of 
operating reserve, it would not guarantee the adequate response to the system disturbance if a 
critical line failure or congestion occurs. Similarly, [11] presented a simulation-based approach for 
operational adequacy analysis of wind-integrated power system and sums up the operational risk 
in terms of expected energy not served (EENS) in the time horizon of months. A more general 
framework to perform the similar task as in [11] was presented in [12] and it evaluated the 
operational risk in terms of UCR and EENS. Although [11] and [12] provided the important tool 
to establish a comparatively long-term operational risk profile which is useful for the system 
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planners, it has limited significance in terms of analysis of the ability to recover from the major 
contingency disturbances within a definite short time frame. Furthermore, the work presented in 
the literature assumes that committed units are connected to an ideal common bus serving the total 
system load at the bus and thus neglects the constraints imposed by the transmission network and 
the locational dispersion of the generation and load points within the network in the risk evaluation 
process, which is an important consideration in a bulk power system (BPS) operation. The impact 
of a major contingency perceived from the bulk system’s perspective can be different from a load 
delivery point’s perspective, and the impacts can vary considerably among the different load 
delivery points. It is also necessary to take into account the ramping abilities of the generating 
units while evaluating the severity of the contingencies. The evaluation frameworks in the reported 
literature do not offer flexibility to incorporate and assess the role of ESS in enhancing the power 
system operational reliability. However, with the current growth rate of renewable injection into 
the power system, it becomes more important to assess the system’s ability to respond toward 
different contingencies within limited time-frame.  
This paper presents a new framework designated as the recovery risk analysis of BPS, which 
can analyze time-bound response of committed generation units, located throughout the network, 
to respond to supply/demand and network disturbances, and regain the power balance at each bulk 
delivery point. The developed framework offers the flexibility to accommodate time-dependent 
wind variation models and the operating reliability model of FESS. The framework can therefore 
be used to explore the potential of FESS in maintaining the system operation within reasonable 
operating risk. The paper presents a margin time disturbance model (MTDM) to represent the 
probable disturbances that may arise within the margin time (MT) following a major contingency, 
which is an important consideration in modern power system operation, but is overlooked by the 
reported works. The margin time disturbances can come from generation loss, line outages and/or 
wind power fluctuation that hinder the system’s effective generation response capacity in 
mitigating the original major contingency. The developed framework can be used to create the risk 
profile of BPS as well as its individual bulk load points following a major contingency which helps 
to assess the locational impact of the contingency within the system during the system operation. 
The probability of a power system being unable to reinstate the power balance at the bulk 
delivery nodes within a definite time-frame following a major contingency is defined as recovery 
risk in this paper. In addition to generating units’ responses, the constraints imposed by the 
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topology of power system at the bulk load points are also considered in a recovery risk assessment. 
Two operating risk indices, namely system recovery risk (SRR) and load point recovery risk 
(LPRR) have been proposed. The LPRR measures the probability of a bulk load point not being 
able to recover from upstream network or supply disturbance within acceptable time, whereas, the 
SRR measures the same from the overall system’s perspective. The LPRR profile of different load 
points with reference to the SRR of the BPS helps to identify the individual load point’s share in 
the system operating risk, which helps to prioritize the use of FESS to mitigate the risks.  The 
recovery risk analysis using the LPRR and SRR of a wind-integrated BPS helps to measure the 
relative change in the operating risks in the BPS as well as the bulk load delivery points, as a result 
of increasing OWP levels with/without the presence of FESS. And thus it quantifies the impact of 
increasing OWP on the power system operating reliability as well as the reliability benefits of 
FESS in the wind-integrated BPS operation. 
4.4. Reliability modelling of system components 
The operating characteristics of generating units and transmission lines of a BPS are 
represented by two–state Markov models [9]. In the operating domain of a power system reliability 
study, the outage probability of the components is not a static-characteristic, but rather is time-
dependent. The probability of a component failing in a mission time ∆t given that it was operating 
successfully at the beginning of mission is known as its outage replacement rate (ORR) [9], and 
can be obtained using (4.1). 
. 
ORR(T)=1-e-(𝜆𝑒𝑞𝑣)∆t  (4.1) 
A conditional probability approach has been used in this paper to obtain a short-term wind 
speed model following a major contingency disturbance conditional upon the known conditions 
prior to the disturbance. The known wind conditions are the initial wind speed (IWS) at the time t 
when the contingency just occurred, and the time of day of such occurrence lying in the rising, 
falling or flat trend of the historical wind profile. For a given value of IWS at a time t, a set of data 
on wind speed at subsequent interval ∆t can be obtained either from historical wind speed data or 
from a series of synthetic data from a statistical model, such as ARMA [13], in the absence of 
 72 
adequate historical data. Using Sturges’ rule [14], the data set can be categorized into a fixed 
number of intervals each of which being represented by the mid-point of the interval. The 
frequency of occurrence of the wind speeds within the different intervals from the data set 
corresponding to different IWS can be used to create a discrete probability distribution of wind 
speeds conditional upon given IWS called as conditional wind speed distribution (CWSD).   
Figure 4.1 shows CWSD for subsequent interval of 10 minutes for a given IWS of 28 km/h 
during the time of day when wind speed profile is exhibiting falling and rising trend. The CWSD 
can be transformed into conditional wind power distribution (CWPD) using Wind Turbine 
Generator (WTG) power curve characteristics [13]. Wind speed data obtained from the National 
Renewable Energy Laboratory (NREL) [15] collected at 10 minute time intervals for a site in 
North Dakota over a period of three years are used in this work, which exhibits a typical diurnal-
characteristics of rising, flat / falling trend. 
 
Figure 4. 1. CWSD for IWS of 28 km/h considering falling and rising trend in wind speed 
profile. 
 
A flywheel stores energy in the form of mechanical energy determined by the speed of its 
rotating mass. The SOC of a FESS is the amount of energy stored at a given time, and can be 
obtained using (4.2). 
SOC(t)=
1
2
I x [ω(t)]2  (4.2) 
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Magnetic bearing system and a vacuum enclosure provides a near-frictionless environment 
for the rotor’s rotation. A permanent magnet synchronous machine operates in both motor and 
generator modes. The machine is enclosed inside a vacuum chamber, and a dedicated cooling 
system is provided to dissipate the heat generated. A back-to-back converter connected with each 
flywheel facilitates the power exchange between the flywheels and the grid. A power control 
module (PCM) keeps track of the SOC and state of health of the associated flywheel. A typical 
FESS plant will have multiple clusters grouped together to meet the required power and energy 
capacity, as shown in Figure 4.2. Each cluster is provided with a cluster controller that keeps track 
of SOC of FESUs in the cluster and also applies operational logic to make the power exchange 
between the cluster and the grid. 
An integrated reliability model of a FESS incorporating its specific charge/discharge, storage 
and failure characteristics is presented in [16], in which a discrete probability distribution of the 
state of charge (SOC) of the FESS plant is created. Table 4.1 shows the SOC model of FESS for 
a 10-minute mission time conditional upon the initial SOC of each flywheel being 50% of SOCrated 
and the components being fully functional at the start of the mission. The model considers a FESS 
plant constituting 60 clusters of 10 flywheels each with power rating (Prated) and energy rating 
(SOCrated) of 0.5 MW and 100 kWh respectively. The data on failure rates of different system 
components needed in the modeling were obtained from [17, 18]. 
FESU
Power 
Control 
Module
AC/DC/AC
FESU
Power 
Control 
Module
AC/DC/AC
Switch 
Gear
Tr
Cluster 
Controller
Cluster of FESUs
 
Figure 4. 2. Simplified layout of a cluster of FESUs in a typical FESS plant. 
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Table 4. 1. State of charge model. 
State #, 
k 
SOC 
(MWh) 
Probability, 
Pk 
1 30 0.96059 
2 29.95 0.03838 
3 29.9 0.00077 
- - - 
- - - 
- - - 
28 0 2.09E-07 
 
A FESS can be used to absorb or mitigate the disturbances. The assisting capacity C of the 
FESS to mitigate a disturbance of magnitude X can be obtained from the FESS SOC model 
presented earlier, and is expressed in (4.3). A negative X represents excess generation, and calls 
for a charging operation of the FESS, and vice-versa.  
𝐶 = {
−min (𝑃𝑚𝑎𝑥
𝐷𝑖𝑠𝑐ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 > 0 
min (𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔,   |𝑋|; 𝑖𝑓 𝑋 < 0
0;𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   (4.3) 
The new SOC of the flywheel after charging / discharging or being in stand-by for ∆t duration 
can be evaluated using (4.4). 
SOC(t+Δt)=SOC(t)+γ  x P(t) x Δt- ∫ Ploss dt
t+Δt
t
  (4.4) 
Where, 𝑃(𝑡)  is the power available to charge or discharge, and 𝛾 = {1, -1, 0} for charging, 
discharging and stand-by operation respectively during the interval ∆t. The loss power Ploss is a 
function of rotational speed of the flywheel. A detailed study in estimation of different types of 
losses and empirical expressions for losses with respect to speed are presented in [19] – [21]. For 
charging operation, 𝑃(𝑡)  ≤ 𝑃𝑚𝑎𝑥
𝐶ℎ𝑟𝑔
, and for discharging operation, P(t) ≤ Pmax
Dischrg
. Maximum 
charging power Pmax
Chrg is limited to power rating of the generator, while the maximum discharging 
power, Pmax
Dischrg
 is given by (4.5).  
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Pmax
Dischrg
=min {Prated, 
SOC(t)-SOCmin+Loss
Δt
}  (4.5) 
4.5. Methodology 
The methodology for recovery risk assessment of composite power system is illustrated in 
the flowchart as shown in Figure 4.3. The committed generating units are dispatched based on DC 
optimal power flow (OPF). The IBM optimization studio [22] integrated in MATLAB 
environment was utilized in this work for performing DC OPF. The objective function for the DC-
OPF is formulated as shown in (4.6), and the constraints are expressed in (4.7) – (4.12). 
∑ [  {∑ Φi,j
g
 x 𝑝𝑖,𝑗
𝑛𝑗
𝐺
𝑖=1 } + Φ
𝑤 x 𝑊𝑃 + Φ𝑗
𝐿𝐶  x 𝐿𝐶𝑗]𝑗∈Ψ𝐵  (4.6) 
∑  [ WP + ∑ 𝑝𝑖,𝑗
𝑛𝑗
𝐺
𝑖=1 −  ∑ γjkk∈Ψ𝑗
𝐵  x (𝜃𝑗 − 𝜃𝑘)  + 𝐿𝐶𝑗]
Ψ𝐵
𝑗=1 = 0   (4.7) 
0 ≤ LCj  ≤ Lj   (4.8) 
-π ≤ 𝜃𝑗≤  π   (4.9) 
0 ≤ WP ≤ IWP   (4.10) 
-Ƒjk ≤ γjk x (𝜃𝑗 − 𝜃𝑘) ≤ Ƒjk   (4.11) 
gmini,j ≤ pi,j ≤ gmaxi,j  (4.12) 
Based on the knowledge of initial wind power (IWP) and the present load, the committed 
units are dispatched based on DC-OPF. A major contingency to be analyzed is introduced, which 
marks the beginning of MT for recovery risk (RR) evaluation. Such contingency can arise from 
forced outage of system component(s); mainly generating units and major transmission lines. 
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Figure 4. 3. Methodology to evaluate recovery risk of composite power system. 
 
 The system responds to maintain the power balance at all the bulk load points within the MT 
following the major contingency disturbance. The responding resources are subject to further 
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disturbances due to outages of healthy components, wind power fluctuations and load variations 
within the MT. The magnitudes of load variations within a short MT of about 10 minutes are 
relatively small compared to disturbances from wind power and component failures, and are 
therefore, not considered in the evaluation. The MTDM shown in Figure 4.3 consists of “major 
component outages (MCO)” and “wind disturbance”. The disturbances due to outage of 
operational generating unit and major line within the MT are considered in the MCO. A system 
with N such components will consist of 2N contingencies considering a two-state Markov model 
representation of each component. These contingencies can be enumerated in a recursive technique 
by bit-flipping an N-bit binary number in a sequence. Numbers in decimal system starting from 
2N-1 down to zero can be converted to N-bit binary system. The starting number in binary format 
will have all bits set to ‘high’ representing that all major components available and each subsequent 
number will have one additional bit flipped to ‘low’ representing one or more major component 
being down. This technique is incorporated in the MCO shown in Figure 4.3. A suitable strategy 
can be applied to reduce the number of contingencies in the MCO. A simple approach is to limit 
the order of contingencies to exclude contingencies with low probability. Similarly, the probability 
of a contingency or impact of a contingency or both can be used as criterion to limit the number 
of probable contingencies to save the computational burden without compromising the accuracy 
of the evaluation results.  
A state from the multi-state wind model conditional upon the IWP is picked, to account for 
probable disturbance coming from the wind during the MT. The new system-state based on the 
probable disturbances is re-defined and the objective function (4.6) is re-optimized with new 
system constraints and updated parameters. The constraints (4.10) and (4.12) are modified to (4.13) 
and (4.14) respectively, while the rest remain unmodified. 
0 ≤ WP ≤ Wm   (4.13) 
𝑃𝑖,𝑗,𝑚𝑖𝑛 ≤ 𝑝𝑖,𝑗 ≤ 𝑃𝑖,𝑗,𝑚𝑎𝑥   (4.14) 
Where,  
𝑃𝑖,𝑗,𝑚𝑎𝑥 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 {𝑆𝑖,𝑗 + 𝛼𝑖,𝑗 x ∆𝑡,  𝐺𝑖,𝑚𝑎𝑥}  (4.15) 
 Pi,j,min = Maximum{Si,j - βi,j  x  ∆t,  Gi,min}  (4.16) 
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Since the dispatched units cannot fully swing their output within the rated limit in the short 
margin time ∆t, the bounds in corresponding generating units are determined by their respective 
ramp rates and the spinning reserve, as expressed in (4.15) and (4.16).  
It is vital to note that the cost of load curtailment Φ𝑗
𝐿𝐶 in load bus is set to very high value to 
make sure that load curtailment happens in any load bus as only last resort. The costs in different 
buses can be varied in order to set priority among the buses regarding the load curtailment if the 
operator wishes. 
For every re-dispatch option corresponding to each probable system state within margin time, 
the set of events (lines / generating units failure and wind state) leading to the load curtailment at 
any bus are noted to evaluate system recovery risk (SRR) and load point recovery risk (LPRR) as 
expressed in (4.17) and (4.18) respectively. 
𝑆𝑅𝑅 = ∑ [ 𝑃(𝐷𝑘
𝐹) x {∑ 𝑃(𝑊𝑚) x 𝑄𝑚∈Ψ𝑊 } ]𝑘∈Ψ𝐹    (4.17) 
𝐿𝑃𝑅𝑅 = ∑ [ 𝑃(𝐷𝑘
𝐹) x {∑ 𝑃(𝑊𝑚) x 𝑄′𝑚∈Ψ𝑊 } ]𝑘∈Ψ𝐹   (4.18) 
Where, 
𝑄 = {
1, ∑ 𝐿𝐶𝑗𝑗 > 0
0, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
   (4.19) 
𝑄′ = {
1, 𝐿𝐶𝑗 > 0
0, 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  (4.20)  
When wind power suddenly grows during system operation, the committed conventional 
generation units tend to ramp down to allow more wind into the system. Due to ramping down 
constraints and/or the lower permissible limit of some units, there is always a chance of some 
wind-spillage. The expected wind spillage (EWS) during system operation is evaluated using 
(4.21). Apparently, EWS obtained from (4.21) will be very small owing to the small evaluation 
time of 10 minutes. 
𝐸𝑊𝑆 = ∑ [∑ (𝑊𝑚 − 𝑤𝑘) x 𝑃(𝑊𝑚)𝑚∈Ψ𝑊 ]𝑘∈Ψ𝐹 x 𝑃(𝐷𝑘
𝐹) (4.21) 
Once the load point with poor recovery risk profile is identified, it can be re-enforced using 
the FESS. In this paper, FESS is operated to assist the load bus identified from the risk analysis, 
whenever there is load curtailment at the bus and also to store the surplus wind in the system if 
any. The expressions for risk indices in (4.17) and (4.18) can be easily modified to incorporate the 
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FESS model developed in Section 4.4 using conditional probability approach, as shown in (4.22) 
and (23) respectively. In this case, the value of LCj in (4.19) and (4.20) is evaluated using (4.24). 
The parameter ‘C’ is obtained from (4.3).  Similarly, the expression of EWS from (4.21) will 
change to (4.25). 
𝑆𝑅𝑅 =  ∑ 𝑆𝑅𝑅𝑘 x 𝑃𝑘𝑘 ∈Ψ𝐸    (4.22)                                
𝐿𝑃𝑅𝑅 =  ∑ 𝐿𝑃𝑅𝑅𝑘 x 𝑃𝑘𝑘 ∈Ψ𝐸   (4.23) 
LCj = LCj + min (LCj, LCj + C)             (4.24) 
𝐸𝑊𝑆 = ∑ 𝐸𝑊𝑆𝑘 x 𝑃𝑘𝑘∈Ψ𝐸   (4.25) 
In above expressions, SRRk, LPRRk and EWSk corresponding to k
th state of FESS model are 
obtained from (4.17), (4.18) and (4.21) respectively. 
4.6. Results and analysis 
Proposed methodology is applied to modified - Roy Billinton Reliability Test System 
(RBTS) shown in Figure 4.4. The details of capacities and failure rates of the lines are shown 
alongside the lines in Figure 4.4, while rest of the parameters remain same as in standard RBTS. 
The calculations have been presented in per unit system with base value of 100MW and the 
generation capacity loss of a 0.2 p.u has been used as an example to represent the major 
contingency disturbance to which the system responds within the margin time (MT) of 10 minutes. 
A study was carried out to illustrate the evaluation of proposed risk indices of the test system. 
Based on N-1 contingency, nine units are selected from standard loading order [23] to meet the 
system load level and the system’s recovery risk for the margin time of 10 minutes following the 
major contingency is investigated. For this study, wind power has not been considered. Table 4.2 
shows the SRR and LPRR evaluated for different buses in the system. The LPRR at Bus 2 is almost 
zero and LPRR at Bus 4 and Bus 5 are very small compared to Bus 3. This implies that for the 
sudden loss of 0.2 p.u. capacity, the risk of having load curtailment at Bus 2 is near zero, while the 
risk at Bus 3 is significantly higher than that of other load busses. The LPRR of 0.000593 at Bus 
3 indicates that there is 0.059% chance that the healthy committed units will not be able to crank-
up the generation to meet the load demand of 0.8 p.u. at Bus 3 within 10 minutes MT after the 
major contingency. The value of SRR is seen very close to the LPRR of Bus 3. Since the LPRR at 
 80 
the rest of the buses is very small compared to that at the Bus 3, it is apparent that SRR will be 
very close to LPRR of Bus 3. It means the poor performance at Bus 3 contributes to SRR the most. 
The study points out the Bus 3 as the weakest-link in the network and thus needs enhancement. It 
should be noted that Bus 3 has largest load level of 0.85 p.u. Thus, it needs to be answered if the 
poor performance is linked with the load level at the bus or the system topology. 
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Figure 4. 4. Modified Roy Billinton Test System. 
 
Table 4. 2. SRR and LPRR at different busses. 
LPRR at bus: SRR 
2 3 4 5 
 
0E-08 0.00059342 1E-08 1E-08 0.00059343 
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Figure 4.5 shows the operating risk profile of different load points and the system for a 
sudden loss of 0.2 p.u. generation capacity, while the load level at Bus 3 is varied from 0.35 p.u. 
to 0.85 p.u. Two important observations from Figure 4.5 are: first, for the entire range of load 
level, the LPRR at Bus 3 is higher compared to other busses and second, the plot for LPRR at Bus 
3 is almost coincident with SRR plot. It is thus consistent with the previous observation that the 
major contributor of the system recovery risk (SRR) is Bus 3 and additionally, the poor risk profile 
of Bus 3 comes from the network topology rather than the load level itself. The observations is 
further justified if we note the failure rate of the lines in the test system network. Higher failure 
rates of lines 1 and 3 makes the higher order contingencies leading to load curtailment at Bus 3 
more probable than at other load points.  
 
 
Figure 4. 5. Recovery risk profile for a range of load level at Bus 3. 
 
The following study was done to see how the risk profile is further degraded by increasing 
operating wind penetration (OWP). A wind farm with installed capacity of 2.5 p.u. is connected to 
Bus 1 as shown in Figure 4.4. In this study, the IWP has not been incorporated in the unit 
commitment (UC) which results in fixed number of committed-generating units for a system load 
regardless of magnitude of IWP and the UC has been termed as fixed unit commitment (FUC).  
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Figure 4.6 shows the recovery risk profile of different load points and system considering several 
IWP. The wind speed is assumed to have a falling trend at the time of the major contingency. For 
smaller IWPs at the beginning, the risk indices have nearly constant values with slight decrement. 
The overall risk profile has the increasing trend with the IWP. Due to FUC, more reserve margin 
(RM) becomes available as IWP is increased. Initially, the disturbances resulting from the wind 
power fluctuation is subdued by the increased RM and hence the small dips in the risk profile at 
the beginning. However, as the IWP increases, the risk profile degrades since the disturbances 
coming from the wind power fluctuations become dominant. When the IWP is significantly large, 
the amount of RM available in the committed units become so high that the risk profile drops 
again. Importantly, the LPRR profile at Bus 3 is again dominant compared to other load points and 
is almost coincident with SRR profile. 
Discarding the IWP during UC, usually results in over-commitment of the conventional 
generating units. A study was done incorporating the IWP in the UC and the resulting recovery 
risk profile is presented in Figure 4.7. In this case, as IWP is sufficiently increased, less number of 
conventional units are committed to meet the system load. In this modified unit commitment 
(MUC), when IWP is increased, RM does not increase proportionally and consequently the 
recovery risk profile degrades severely as shown in Figure 4.7. 
 
 
Figure 4. 6. Recovery risk profile with different IWP considering fixed unit commitment with 
falling trend in wind speed at the time of major contingency. 
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Figure 4. 7. Recovery risk profile with different IWP considering modified unit commitment 
with falling trend in wind speed at the time of major contingency. 
 
The following study was done considering the rising trend in wind speed profile at the time 
of major contingency, to assess the impact of rising trend of wind speed in the recovery risk. Figure 
4.8 shows the recovery risk profile and RM available in the system at various OWP levels, 
assuming the rising trend in wind speed profile at the time of major contingency. Under FUC, 
when IWP is increased, RM increases proportionally. With the increased likelihood of having 
surplus wind power, the risk profile improves with increasing the IWP. However, under MUC RM 
does not increase proportionally with increasing IWP and therefore, the increased chances of 
surplus wind power is not sufficient to overcome the increased disturbances from the wind power. 
Consequently, the risk profile is seen to degrade with IWP. 
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Figure 4. 8. Recovery risk profile with different IWP considering MUC and FUC with rising 
trend in wind speed at the time of major contingency. 
 
The LPRR profile at Bus 3 is found to be coincident with SRR profile of the system in all of 
the studies discussed earlier, pointing out Bus 3 to have a poor recovery risk profile. Following 
study was carried out to quantify the reliability benefits of FESS. In this study, a FESS plant 
constituting 60 clusters of 10 flywheels each with power rating (Prated) and energy rating (SOCrated) 
of 0.5 MW and 100 kWh respectively is connected to Bus 3. The FESS is operated to assist Bus 3 
and to store the surplus wind energy in the system if any. Recovery risk profile of different load 
points and the system while trying to recover the loss of a 0.2 p.u. generation capacity is shown in 
Figure 4.9. The FUC approach was used in the study. The wind speed was assumed to have the 
falling trend at the time of the major contingency. The risk profile is presented considering two 
different initial SOC of FESS plant at the time of the contingency. Since the FESS is operated to 
assist only Bus 3, the LPRR at other busses stays the same. The SRR from Figure 4.6 has been 
superimposed for reference. With the assistance from FESS plant, the risk profile at Bus 3 and 
system’s recovery risk is seen to have significantly improved. The recovery risk in case of higher 
OWP is better contained when there is higher initial SOC of the FESS plant, as shown in the figure. 
The high SOC of the plant helps to absorb the disturbances more effectively while limiting the 
plant’s ability to store the surplus wind in the system. The knowledge of historical wind pattern 
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and its diurnal characteristics thus become essential for the operator to set operating strategy of 
the FESS plant to have optimum SOC level of the plant at different times of the day for reducing 
wind spillage while maintaining the acceptable risk profile at the same time.  
It is seen that in case of rising wind trend the risk profile does not degrade significantly and 
thus does not call for additional assistance from FESS. However, even under such scenario, FESS 
can be used simply to store the surplus wind to reduce the wind curtailment. Following study is 
carried out assuming the initial SOC of FESS to be 60% of rated capacity and considering the 
rising trend in the wind speed profile at the time of major contingency. Figure 4.10 shows the 
reduction in EWS due to the use of FESS to mitigate disturbances under different OWP levels. 
Since the surplus wind is captured by the FESS, the spillage drops significantly. Furthermore, the 
risk profile can be seen further reduced with the use of FESS. 
 
 
Figure 4. 9. Recovery risk profile with falling trend in wind speed at the time of major 
contingency considering assistance from FESS. 
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Figure 4. 10. Reduction of wind spillage and increment in SOC of FESS plant. 
4.7. Conclusion 
Modern power systems are exposed to higher operating risks owing to the large scale 
integration of highly intermittent energy sources such as wind. The energy storage systems that 
are capable of providing prompt assistance whenever needed, such as FESS, are essential to absorb 
the stochastic perturbations resulting from random loss of generation units, transmission line 
outage and wind power fluctuations. This paper proposes an analytical framework for operating 
risk assessment of wind-integrated composite power system using recovery risk analysis approach 
to quantify the reliability benefits of FESS in power system operation. The SRR and LPRR indices 
proposed in this paper are effective to establish the operating risk profile of the overall system and 
individual load delivery points respectively. The preliminary risk assessment carried out using the 
proposed framework without FESS, together with knowledge of historical wind speed pattern 
helps to determine the operating strategy of FESS.  For a given major contingency disturbance, 
which could be loss of operating unit(s) or line(s), the system’s ability to recover the pre-
contingency supply-demand balance significantly depends upon the available SOC of FESS and 
wind speed profile at the time of the disturbance, in addition to the ramp rates of the healthy 
operating units. The recovery risk profile of the system as well as that of individual load points 
degrades with increasing operating wind penetration for the scenarios with falling trend at the time 
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of a major contingency disturbance. The degradation in the recovery risk profile becomes even 
worse with increasing operating wind penetration if prior knowledge of wind power is considered 
during unit commitment since doing so results in lower regulating energy being available from the 
committed firm capacity units. However, in such situations, the risk profile can be contained within 
acceptable range using FESS provided it has sufficient SOC at the time of the major disturbance. 
On the other hand, due to higher chances of having surplus wind energy to provide regulation, the 
risk profile actually improves with larger operating wind penetration for scenarios where wind 
speed is exhibiting rising trend at the time of the disturbance. FESS can be used under such 
scenarios too to boost up its SOC and also to reduce the wind spillage due to poor ramp-down rates 
of the available operating unit(s) and/or transmission line congestion. The proposed methods and 
indices can provide useful indicators to system operators in effectively integrating FESS to exploit 
renewable energy growth while maintaining acceptable operational reliability. 
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 SUMMARY AND CONCLUSIONS 
 
Owing to the stochastic nature of power system operation, maintaining a reliable yet 
economic operation has always been a challenge to the power system operators. The power 
system’s ability to cope with random outages and/or other unforeseen disturbances during the 
system operation is further restricted by addition of intermittent energy sources such as wind. The 
increasing adoption of renewable portfolio standard (RPS) by many countries projects a promising 
future of renewable energy sources in the generation mix. And with the projected growth rate in 
the usage of wind energy as electricity generation resource, the power system operators as well as 
planners are becoming increasingly concerned with the impacts of increasing RES penetration on 
reliable and economic operation of the power system. 
Energy storage systems (ESS) can greatly reduce the generation variability and dampen the 
transmission line congestion thereby improving the operational reliability of the system. It is 
therefore various energy storage technologies are gaining importance, especially with the 
increased share of wind power and other RES in the generation mix. The suitability of different 
ESS technologies in the power system depends upon the inherent characteristics of the ESS itself. 
Pumped-hydro and compressed-air ESS are more suitable for long-term energy storage offering 
renewable capacity firming, load levelling and energy time shifts, while in situations when large 
chunk of power is needed immediately for short-duration, the ESS technologies with fast response 
such as FESS, batteries and ultra-capacitors are needed. Being a relatively less mature technology, 
the FESS is an expensive ESS. However, with recent advancement in power electronics, bearing 
system and rotor material, FESS is gaining popularity. Especially, the consistency in performance 
throughout its useful life (20 years on average), scalability due to compact modular designs, 
environmental friendliness, large DOD,  low maintenance requirement makes FESS standout 
among other ESS technologies that are suitable from power system operational reliability 
perspective.  
Operating reliability evaluation is an essential tool in real time decision making which can 
avoid widespread power outages and thus has great significance in power system operation. Due 
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to inability of conventional deterministic approach of reliability evaluation, in quantifying the 
actual risk associated with the operating condition, the regulating authorities responsible for 
enforcing the compliance standards are recommending to move toward risk based probabilistic 
approach. This approach considers the random failures of power system components during 
operation thereby capturing the stochastic nature of operating disturbances and thus outlines the 
true risk that the system is exposed to.  
Unit commitment risk (UCR) and response risk (RR) are two major risk indices used in the 
literature as a tool to quantify the power system operational risk. UCR is concerned with 
determining number of units to be committed to meet the forecast load of known time while 
maintaining an acceptable probability of committed units being unable to meet the load. However, 
due to simplicity in use and understanding, utilities still choose N-1 criterion in practice as a tool 
for unit commitment. RR deals with ability of the participating units to respond to any disturbances 
that may arise during system operation. RR is thus more concerned with the allocation of spinning 
reserve within the committed units in any given time. With the increased uncertainty in the 
generation resource as well as load, RR analysis becomes very important since it forms the basis 
for exploring the potential resources to mitigate the increasing risks in the power system operation 
with increasing RES penetration. And as mentioned in introductory section of this thesis, the scope 
of research work in this thesis is limited to RR analysis. 
Chapter 1 provides an introduction to power system reliability in general as well as from 
operating reliability point of view. The implications of increased wind penetration on power 
system operational reliability and the role of ESS, particularly FESS, in mitigating the operating 
risk is also presented in Chapter 1. Related literatures and objectives of the research are also 
presented in this chapter.  
Chapter 2 is aimed at developing the reliability model of FESS suitable for power system 
operating risk assessment. The impacts of failure rates of critical components of FESS, and the 
length of mission time on SOC distribution of FESS are analyzed in Chapter 2. The usability of 
the developed model in assessing the potential of FESS in disturbance mitigation is demonstrated 
through illustrative examples. 
In Chapter 3 a novel framework for response risk evaluation of wind-integrated power 
system has been introduced. The proposed framework makes an improvement over the 
conventional assumption that is usually made in response risk evaluation. Quantifying the 
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operational reliability benefits of using FESS in wind-integrated power system and also the 
impacts of increasing operating wind penetration on the power system operational reliability are 
the main objectives of Chapter 3. A short-term wind power model based on conditional probability 
approach has also been introduced in this chapter.  
Chapter 4 works on the fundamental concept of generation response risk from hierarchical 
level I of the power system operating risk evaluation (as presented in Chapter 3) and tries to extend 
the concept to hierarchical level II. Analytical framework for operating risk assessment of bulk 
power system (BPS) in terms recovery risk analysis has been introduced in this chapter. The 
framework is suitable for quantifying the reliability benefits of FESS from operating risk 
perspective of BPS operation.  
In conclusion, the thesis presents probabilistic frameworks and reliability model of FESS 
suitable for reliability evaluation of wind-integrated power system operation and successfully 
quantifies the reliability benefits of using FESS in wind-integrated power system operation. The 
short-term wind power model presented in this thesis captures the diurnal variability of wind speed. 
The model is found effective to reflect the impact of short-term wind speed variation in the system 
operating risk. Several case studies illustrating the applicability of proposed models and 
methodology are presented throughout the thesis and some important conclusions were drawn 
accordingly. For instance, increasing operating wind penetration does not necessarily degrades or 
improves the operating risk profile; the risk depends on the wind-speed profile at the time of major 
contingency and the extent of consideration of prior-knowledge of wind condition in unit 
commitment. Higher SOC of FESS at the time of major contingency disturbance allows to mitigate 
the disturbance better, but also increases the chances of wind-spillage should there be large amount 
of surplus wind in the system. This inference provides an important insight to the system operator 
/ planner to strategize the FESS operation to maintain some optimum SOC level considering the 
wind speed profile at different times of day. In addition to the overall system’s preparedness to 
cope with the major contingency disturbance within some definite time as measured by SRR, the 
actual operating risk that individual load delivery points are exposed to for the given major 
contingency under given operating condition is also quantified using LPRR. To sum up, the thesis 
addresses the operational reliability concerns due to system disturbances with growing wind 
penetrations, and the quantitative implications of implementing flywheel energy storage systems 
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to mitigate these concerns. The thesis provides methodology and indicators that will be valuable 
in developing operating policies for sustainable wind energy for the future. 
